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A b s t r a c t
The modification of the optical properties of quantum well structures by post growth thermal 
diffusion techniques is important for the fabrication and integration of quantum well devices for 
optoelectronic applications.
This thesis is concerned with the characterisation of as-grown and thermally interdiffused quantum 
well structures using room temperature photoreflectance. In particular, all the interband transitions 
(symmetry ’allowed’ and ’forbidden’) in the subband of four AlGaAs/GaAs single quantum well 
structures were determined using photoreflectance. The identification of the transitions was 
complicated by the presence of Franz-keldysh oscillations in all photoreflectance spectra which 
were associated with an interface built-in electric field in the as-grown structures. The source and 
magnitude of the field on either side of the interface was determined after the sequential etching 
and photoreflectance analysis of these structures. From the spectra of the etched structures, optical 
interference effects were found which enabled the layer thicknesses in these structures to be 
determined.
High temperature rapid thermal annealing of these structures resulted in interdiffusion across the 
well barrier interfaces of the quantum well structures which modified the subband structure, and 
therefore the optical properties, of the quantum well. This annealing was found to produce limited 
interdiffusion by correlating the relative ’blue shifts’ of the interband transitions with those of a 
theoretical model. Good agreement with the model was obtained, which allowed temperature 
dependent interdiffusion co-efficients and an activation energy to be determined. The effects of 
oxygen ion implantation followed by annealing was also studied and found to significantly 
enhance the extent of the interdiffusion.
In addition, interband transitions of heavy-hole and light-hole character were distinguished from 
polarisation studies while temporal studies resulted in the identification of unintentional impurities 
and the determination of photocarrier trap times in the as-grown and implanted structures.
The work presented here demonstrates the versatility of photoreflectance for the room temperature 
characterisation of as-grown and thermally processed quantum well structures for optoelectronic 
devices, prior to fabrication.
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A c r o n y m s
DEG - dimensional electron gas
ER - electroreflectance
FET - field effect transistor
FKO - franz-keldysh oscillations
FWHM - full width half maximum
GRINSCH - graded index separate confinement heterostructure laser
HBT - hybrid bipolar transistor
HEMT - high electron mobility transistor
HWHM - half width half maximum
IFVD - impurity free vacancy diffusion
IID - impurity induced diffusion
LED - light emitting diode
LFFK - low field franz-keldysh criterion
MBE - molecular beam epitaxy
MOVPE - metal-organo vapour phase epitaxy
MQW - multiple quantum well
OEIC - optoelectronic integrated circuit
PC - photocurrent spectroscopy
PL - photoluminescence spectroscopy
PLE - photoluminescence excitation spectroscopy
PR - photoreflectance spectroscopy
QW - quantum well
RTA - rapid thermal annealer
SEED - self electro-optic device
SL - superlattice
SI - semi-insulating
SQW - single quantum well
TDFF - third derivative functional form
TE - transverse electric mode
TM - transverse magnetic mode
TR . thermoreflectance
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I n t r o d u c t i o n
Optoelectronic semiconductor devices currently play an integral role in the telecommunication and 
information technology industries. The diversity of semiconductor material systems together with 
existing epitaxial growth techniques have resulted in the fabrication of optoelectronic devices for 
a variety of optoelectronic applications which include information processing, storage and read-out, 
sensors, detectors, visual imaging and displays. The main optoelectronic devices are the light 
emitting, transporting and detecting devices which include laser diodes, waveguides and 
photodetectors. While Si is used principally for electronic devices, optoelectronic devices are 
based primarily on GaAs and InP compounds and their derivatives.
The challenge for optoelectronic device manufactures is the integration of devices onto a single 
wafer to form an optoelectronic integrated circuit (OEIC). Successful integration of optoelectronic 
devices requires controlled lateral and vertical modification of optical properties such as the 
bandgap energy and refractive index of the active device components of the wafer. At present, 
the realisation of such a circuit involves lithography and etching followed by regrowth using 
epitaxial techniques. A new approach, which avoids regrowth, has recently emerged and involves 
the post-growth thermal diffusion of selected regions of the wafer. Of particular interest, has been 
the controlled thermal interdiffusion of atoms in the active region of quantum well (QW) 
structures, which form the core of many optoelectronic devices, most noticeably, the 
heterostructure QW laser diode. The interdiffusion of barrier and well atoms across the 
heterointerfaces of the QW, change the compositional and confinements profiles and thus the 
subband structure and optical properties of the QW. A range of impurity induced and impurity 
free thermal interdiffusion techniques are available. In particular, induced interdiffusion by ion- 
implantation where dopant or non-dopant impurities are implanted into the desired locations in the 
device, result in controlled and reproducible changes in both the bandgap and the refractive index 
between the implanted and unimplanted regions. This process offers a planar technology which 
is potentially promising for the integration of three dimensional device structures, such as 
waveguides, modulators and lasers.
The application of this technology requires the characterisation of interdiffusion in QW structures. 
In this thesis, the subband structure of four as-grown single quantum well (SQW) structures were 
characterised using room temperature photoreflectance (PR) by determining their interband 
transition energies. SQWs were chosen for this study since they are the simplest realistic 
structures which can be used to investigate the subband structure of QW and thus the interdiffusion
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process. Furthermore, this work represents the only systematic study of AlGaAs/GaAs SQW 
structures using PR. These structures were then subjected to thermal processing by rapid thermal 
annealing and oxygen ion implantation followed by annealing in order to determine their thermal 
stability and to investigate the variation of the interband transitions with interdiffusion. In 
addition, the versatility of PR for the room temperature characterisation of built-in electric field 
distributions, photocarrier lifetimes, polarisation anisotropy, impurities and overlayer thickness of 
QW structures is demonstrated.
The layout of this thesis is as follows. In chapter one, a review of PR of and interdiffusion in 
AlGaAs/GaAs QW structures for optoelectronic applications is presented. The different 
interdiffusion techniques employed and their applications to the fabrication of optoelectronic 
devices are described. In addition, the importance of analytical techniques, in particular optical 
methods, to quantify the interdiffusion process in QW structures is emphasised. In particular, it 
is shown that PR is a powerful optical technique for the characterisation of QW structures since 
this technique is non-destmctive and has a high spectral resolution so that it is therefore capable 
of detecting all interband transitions at room temperature.
Chapter two describes the principal experimental processing and analytical techniques used during 
the course of this thesis. Chapter three is a theoretical study of the variation of the interband 
transitions with interdiffusion for a series of AlGaAs/GaAs SQW structures with varying well 
widths. The model used to characterise QW interdiffusion is outlined and the behaviour of the 
interband transitions with interdiffusion is investigated.
In chapter four, the PR spectra at 300 K of the four as-grown SQW structures are presented and 
analysed. The PR spectra showed superimposed signal contributions from different layers of the 
QW which made initial analysis of these structures difficult. In particular, the PR features 
associated with the interband transitions of these structures were overlapped by oscillatory features, 
known as Franz-keldysh oscillations (FKO) and are associated with internal built-in electric fields 
in these structures. This chapter describes initially the etching experiments which were under 
taken to determine the origin of the different features in the spectra. From the experiments, the 
magnitudes of the built-in fields were determined from the period of the FKO, In addition, optical 
phase shifts were found in the etched spectra and were interpreted in terms of optical interference 
effects using both a simple two ray model and a detailed multiple reflection treatment, thereby 
enabling the thickness of the overlayers removed to be determined. This analysis allowed the
Introduction
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determination of the interband transitions energies by fitting the spectra with a theoretical model 
which incorporated an approximate lineshape form for the FKO together with established lineshape 
forms for the interband transitions. The transition energies obtained were then compared to those 
of the QW interdiffusion model for the as-grown case in order to identify the QW transitions. 
From this analysis, symmetry ’allowed’ as well as symmetry ’forbidden’ transitions were identified 
in these structures.
Superimposed signals from multilayer structures is a common problem in optical spectroscopy and 
has been solved using a technique known as phase resolved spectroscopy. In chapter five, the 
principles of this method were applied using PR to extract different signal components from 
different regions of these structures. This phase resolution was explained by determining the 
differences in temporal behaviour of various PR signals which allowed trap times for interface 
states identified in chapter four and thus photocarrier lifetimes to be calculated.
In chapter six, the thermal stability of two structures was studied using rapid thermal annealing 
(RTA) with proximity capping at elevated temperatures. RTA results in the interdiffusion of the 
group III Al and Ga atoms across the well/barrier interface. The extent of this interdiffusion was 
measured as a function of the ’blue’ energy shift in the PR spectra for the interband transitions 
of these QW structures. These shifts were compared with the QW interdiffusion model to 
calculate characteristic interdiffusion lengths from which temperature dependent interdiffusion co­
efficients as well as an activation energy for the AlGaAs/GaAs material system were determined. 
Polarisation sensitive effects of the interdiffused structures were also examined using PR.
The effects of interdiffusion using low dose oxygen implantation in these structures were 
determined in chapter seven. The extent of interdiffusion for the implanted-annealed samples were 
compared to the annealed alone samples of chapter six for identical RTA conditions. In addition, 
the effects of oxygen implantation on the AlGaAs barrier layers of the SQW structures was 
examined by calculating photocarrier trap times for the implanted material using PR. Finally, 
conclusions of the work described in this thesis together with the future work is presented in 
chapter eight.
Introduction
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C h a p t e r  O n e
P h o t o r e f l e c t a n c e  o f  a n d  I n t e r d i f f u s i o n  in  A l G a A s / G a A s  Q u a n t u m  
W e l l  S t r u c t u r e s  f o r  O p t o e l e c t r o n i c  A p p l i c a t i o n s
1.1 Introduction
Optoelectronics has resulted from the convergence of both optical and electronic properties of a 
wide class of semiconductor materials. The electronic properties of the group IV semiconductors, 
in particular Si and Ge, are best known, with Si dominating the semiconductor electronics industry 
where it is used for electrical switching and amplification in devices such as field effect transistors 
(FETs). In addition, binary semiconductor compounds, in particular the GaAs based IH-V 
compounds, have good electronic and light generating/detecting (optical) properties and are used 
in optoelectronic devices which include photodetectors, laser diodes and modulators.
The fabrication of optoelectronic devices has relied heavily upon the continual improvements in 
epitaxial growth techniques, such as molecular beam epitaxy (MBE) [1.1] and metal-organic 
vapour phase epitaxy (MOVPE) [1.2] and have resulted in the growth of complex ternary and 
quaternary alloy semiconductor systems ranging from the mature IH-V ternary lattice matched 
AlGaAs/GaAs [1.3] and strained InGaAs/GaAs systems [1.4] to the more recent quaternary III-V 
InGaAsP/InP [1.5] and ternary II-VI HgCdTe [1.6] systems. The optical properties of these 
material systems has allowed a great deal of flexibility in the design of novel device structures.
Quantum well (QW) structures [1.7,1.8] have attracted considerable interest because of their 
unique optical properties [1.9] for optoelectronic device fabrication. The simplest example of a 
QW structure, is the AlGaAs/GaAs single quantum well (SQW), see Figure 1.1. This structure 
consists of a thin narrow bandgap GaAs layer sandwiched between two AlxGaNxAs barrier layers 
which have larger bandgaps. Because o f the bandgap difference between the layers, a potential 
well is formed where the electrons and holes are quantised in the GaAs layer to form a series of 
discrete subband energy states in a direction normal to the plane of the layers. The subband 
energy states of a QW are determined theoretically by solving the Schrodinger wave equation 
[1.10]. Experimentally, optical techniques are mainly used to investigate the subband structure 
where the optical spectra of techniques, such as photoabsorption [1 .1 1 ], show lineshapes relating
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to the interband transitions between similar quantized states, see Figure 1.2. The unique optical 
properties arising from the subband structure of QW structures has made them an attractive choice 
for fabricating optical devices which include self-electro-optic switching devices (SEEDs) [1.11], 
laser diodes [1.12] and stark shift modulators [1.13].
For these devices to be commercially viable, their integration, to form an optoelectronic integrated 
circuit (OEIC), is essential. However, the integration of QW devices is complex due to the 
different operating optical properties (ie. bandgap and refractive index) required by each device. 
Current integration techniques involve a number of separate epitaxial growth steps with intervening 
etching stages, see for example Figure 1.3 [1.14]. Although such integration techniques offer good 
freedom in their design, they frequently suffer from trap or defect states at the regrown interface 
which can affect device performance. An alternative approach to QW device fabrication, and 
ultimately integration, involves the post growth modification of selected regions of a QW structure 
[1.15], by thermal diffusion techniques [1.16-1.18]. These techniques avoid regrowth and allow 
controlled spatial variation of the optical properties across a wafer to allow the integration of 
integrated lasers, waveguides and detectors.
1.2 AlGaAs/GaAs QW interdiffusion: Device applications
It is generally accepted, that the mechanism of diffusion in AlGaAs/GaAs structures is a vacancy 
related process whereby vacancies are generated thermally by each technique and replace the 
nearest neighbour atoms resulting in the interdiffusion of Ga and Al atoms between the well and 
barrier layers. The interdiffusion of atoms results in changes in the optical properties of bandgap 
and refractive index, thereby enabling the fabrication of one step epitaxial growth low loss 
waveguides and bandgap tuned lasers/modulators for OEICs. For this thesis, only the thermal QW 
interdiffusion of the AlGaAs/GaAs material system is considered [1.19,1.20], although other 
material systems which include, InGaAs/GaAs [1.21,1.22] and InGaAs/InP [1.23-25], 
InGaAs/InAlAs [1.26] InGaAs/InAlAs/InP [1.27] and InAs/InP [1.28] which operate at the low 
loss wavelengths regions, are extensively studied for optical fibre communications.
A number of thermal diffusion techniques have been used and include simple thermal annealing, 
impurity induced diffusion (HD) and impurity free vacancy diffusion (IFVD) [1.16-1.18]. 
AlGaAs/GaAs QW interdiffusion by optical annealing [1.29] or rapid thermal annealing (RTA) 
using graphite strips [1.30] result in a low interdiffusion rates. Nevertheless, studies have shown
Chapter 1
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that furnace annealing at 875°C for 8 h [1.31] and 9 h [1.32] can be used to tune the laser 
emission energy of p-n AlGaAs/GaAs QW heterostructure lasers, see Figure 1.4.
The interdiffusion rate in AlGaAs/GaAs QW structures increase significantly using either IID or 
IFVD. In the IFVD process [1.33], vacancies are generated thermally in the QW structure in the 
presence of a suitable capping layer [1.34,1.35] or Ga [1.36] or As [1.37] overpressure. For 
example, annealing of AlGaAs/GaAs QW structures in the presence of an silicon dioxide (S i02) 
cap [1.34,1.35] has shown that Ga atoms migrate to the cap creating group HI vacancies which 
then diffuse into the QW resulting in enhanced QW interdiffiision. In contrast, capping by Si3N4 
was found not to induce any QW interdiffusion [1.34,1.35]. The changes in optical properties, as 
a result of differences in diffusion rates between the S i02 capped (diffused) and uncapped regions 
of the QW structure, has resulted in the fabrication TE/TM mode selective channel waveguides 
used for fibre transmission systems [1.38], electroabsorption waveguides [1.39] and bandgap tuned 
stripe geometry QW heterostructure lasers [1.40], see Figure 1.5.
Since it was first demonstrated [1.41] that the diffusion of Zn dopants into AlGaAs/GaAs QW 
structures resulted in significant interdiffusion, (IID process), various studies have shown similar 
behaviour with ions ranging form electrically active n-type Si and Ge [1.42,1.43], p-type Zn and 
Mg [1.41,1.44], inert F and Ar [1.44,1.45] to constituent As and Al [1.42,1.45,1.46] using surface 
diffusion and ion implantation. It is suggested [1.16-1.18] that the role of impurities in the HD 
process is to induce QW interdiffusion through the generation of vacancies upon annealing. The 
diffusion of impurities provides a means of changing the optical properties such as bandgap and 
refractive index in the unmasked regions of the material. This has resulted in refractive index 
differences between the diffused and the as-grown regions which has enabled the fabrication of 
buried AlGaAs/GaAs channel waveguides by Si diffusion [1.47] and by Zn diffusion [1.48,1.49], 
see Figure 1.6. In addition, Si diffusion has resulted in low leakage current buried [1.50,1.51], 
ridge-waveguide [1.52], lateral injected [1.53], and surface emitting [1.54] AlGaAs/GaAs laser 
diodes, see Figure 1.7, while Zn diffusion [1.55] has been reported for the fabrication of buried 
AlGaAs/GaAs laser/waveguide structures, see Figure 1.8.
The use of ion implantation is well known for dopant incorporation and electrical isolation in 
GaAs electronic devices, such tx$  bipolar transistors (HBTs) [1.56] and metal semiconductor 
FETs (MESFETs) [1.57]. The main advantage of this technique over existing surface/capping 
diffusion methods is that it can be used to control accurately the concentration and impurity profile
Chapter 1
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at micrometer depths below the surface of the device by varying the energy and dose of the 
implant ions.
To date, the applications of this technique to optoelectronic device fabrication are few. This is 
in part due to the implantation induced damage which occurs in the target crystal. However, the 
damage created particularly by heavy inert ions such as B, F, H and O has been used to eliminate 
electrical ’crosstalk’ between neighbouring layers of optoelectronic devices [1.58]. This implant 
isolation process produces high resistivity layers which has been used to remove leakage currents 
in graded index separate confinement heterostructure (GRINSCH) lasers by O implantation [1.59], 
see Figure 1.9.
In addition to electrical device isolation, Si implantation has been shown to induce thermal 
interdiffusion of AlGaAs/GaAs QW layers which has resulted in the fabrication of AlGaAs/GaAs 
multiple QW (MQW) waveguide structures [1.60,1.61] and stripe geometry buried heterostructure 
lasers [1.62]. Implantation, using inert ions such as B [1.63], F [1.63] and O [1.64,1.65] have also 
resulted in induced interdiffusion. In particular oxygen implantation, is considered useful because 
of its excellent electrical isolation properties [1.58] and the fact that inert ions such as oxygen 
induce interdiffusion without introducing impurity carriers. For example, oxygen implantation has 
been used to fabricate buried stripe [1.66] and GRINSCH [1.67] AlGaAs/GaAs SQW 
heterostructure lasers, see Figure 1.10. In these devices, oxygen implantation resulted in electrical 
isolation and low threshold currents. In addition, the oxygen was found to spread laterally under 
the implantation masks, thereby decreasing the effective stripe current confinement region. In the 
case of the GRINSCH, oxygen induced interdiffusion in the graded index region of the SQW 
heterostructure provided improved lateral optical confinement and reduced optical loss.
1.2.1 QW interdiffusion characterisation techniques
The development and improvement of optoelectronic QW devices using thermal interdiffusion 
relies on the characterisation of interdiffused QW structures. There are several analytical 
techniques including Auger Electron Spectroscopy, Secondary Ion Mass Spectroscopy and 
Transmission Electron Microscopy [1.68] which have been used to characterise interdiffusion in 
QW structures [1.20,1.69]. However, due to their destructive nature, optical techniques are 
preferred to study QW interdiffusion because they require limited sample preparation and different 
parts of the structure can be studied by varying the wavelength of the probe beam. As the QW
Chapter I
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subband energy states are dependent upon the shape of the QW confinement profiles, interdiffusion 
can be characterised optically by monitoring the changes in energy of the interband transitions 
after annealing.
The most popular optical technique to study QW interdiffusion is low temperature 
photoluminescence (PL) [1.70], where energy changes in ground state interband transitions are 
measured as a function of annealing conditions, see Figure 1.11. The main advantage of using 
PL is that it is non-destructive and consequently it allows repetitive annealing in order to assess 
the degree of interdiffusion as a function of anneal time. The disadvantage of using PL is that it 
can be used to study the variation only of the ground state transitions and is therefore insensitive 
to the variations of the higher order transitions and therefore the subband structure with 
interdiffusion. To study accurately the subband structure of an interdiffused QW, it is necessary 
to determine the behaviour of both the lower and higher order transitions with interdiffusion. It 
is through the behaviour of all the transitions that the optical properties, such as absorption co­
efficient and thus the refractive index, of an interdiffused QW can be evaluated and exploited in 
commercial device fabrication.
1.3 Photoreflectance
Over the last decade, photoreflectance (PR) has emerged as an important optical technique for the 
characterisation of bulk structure, multilayer and QW structures [1.71,1.72]. PR is based on the 
principles of modulation spectroscopy [1.73,1.74], where the inherent built-in surface/interface 
electric field of the sample is modulated so as to produce changes in the dielectric properties, and 
thus the reflectivity, of the sample.
Historically, Erman et al [1.75] were one of the first groups to study QW structures using the 
electromodulation technique of electroreflectance (ER) [1.76,1.77] where the sample reflectivity 
was modulated by an applied electric field. Despite this success, QW structures were not studied 
in any detail by ER because electrical contacts were required to QW structures which were usually 
grown on semi-insulating (SI) substrates. This situation remained until 1985 when Glembocki et 
al [1.78] demonstrated that the contactless electromodulation technique of PR could be used to 
detect all the interband transitions and thus the subband structure of AlGaAs/GaAs MQW 
structures at 300 K. The PR spectra obtained by Glembocki et al [1.78] at 300 K for a single 
undoped Al0.i7Ga083As/GaAs layer and for a series of Al0 2Gao 8As/GaAs MQW structures are
Chapter 1
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shown in Figure 1.12. The MQW structures consisted of a series of 30 to 40 QWs and were 
grown on SI (100) GaAs. For the undoped single structure, two PR signals were found at -1.42  
and -1.65 eV and corresponded to the interband transitions for bulk GaAs and AlGaAs barrier 
layers respectively. The energy position of the AlGaAs barrier signal is important for calibrating 
the Al composition in the barriers of these structures. For the MQW structures, a series of 
interband transitions were identified between the GaAs signal and AlGaAs signals. In accordance 
with quantum well behaviour the number of interband transitions increased with well width with 
as many as 9 transitions identified at 300 K.
1.3.1 Photoreflectance mechanism
PR involves the modulation of the built-in surface/interface electric field of the structure by 
photoexcited carriers. In PR, a probe light beam from a white light source is directed onto the 
sample surface to measure the reflectivity, R, of the sample, see Figure 1.13. A second pump light 
beam, usually a laser source with a photon energy greater than the bandgap of the sample, is 
focused onto the same spot on the sample surface as the probe beam. The pump beam is 
mechanically chopped to periodically inject photocarriers into the sample to photomodulate the 
built-in field at the sample surface. A small fraction of the probe light (~10'4) is modulated as a 
result of the interaction of the pump beam with the sample. The changes in the reflected probe 
beam, AR, are strongly dependent on the probe beam energy, which is selected using a 
monochromator. The resulting PR signal, AR/R which is in phase with the modulation, is then 
detected using a lock-in amplifier detection system.
The mechanism responsible for the modulation of the reflectance signal by the pump beam is the 
following. In most semiconductor materials, a built-in field is formed at the surface of the sample 
due to the existence of surface energy states [1.79] at the semiconductor/air interface. When the 
sample is illuminated by the larger bandgap pump laser beam, photons are absorbed by the sample 
which leads to the creation of free carrier electron-hole pairs. Due to the surface built-in field, 
these carriers become spatially separated depending on the type of material present, i.e. n-type or 
p-type and on the surface charge present i.e. acceptor-like or donor-like. For example, the energy 
band diagram at the surface of an n-type material is shown in Figure 1.14 for (a) a depletion layer 
and (b) an accumulation layer formed at the surface of the material. In case (a), the photoelectrons 
generated by the pump beam drift into the bulk while the photoholes collect at the negatively 
charged (acceptor-like) surface. Similarly, for case (b), photogenerated holes drift into the bulk
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while the electrons collect at the positively charged (donor-like) surface. The overall result is a 
reduction of the built-in surface field by the photocarriers. As optical properties, such as the 
dielectric function, depend upon the electric field within the sample, modulating the surface built- 
in field at probe beam energies where optical excitation processes occur, such as interband 
transitions, results in the modulation of the reflectivity of the sample to produce well defined 
spectral features.
1.3.2 Photoreflectance lineshape analysis
Several different theories have been proposed for modelling interband transitions in QW structures 
[1.80,1.81]; although a universally accepted model has yet to be realised. However, it has been 
demonstrated that as PR is a non-contact electromodulation technique, the PR spectral lineshapes 
corresponding to the interband transitions of QW structures can be explained and modelled using 
the established ER theory developed by Aspnes [1.82].
Aspnes classified electromodulation spectra into two separate categories according to the 
magnitude of the applied electric field. In the first category, the ’low field limit’, Aspnes found 
that the normalised change in the reflectivity AR/R lineshape was independent of the applied 
electric field and was proportional to the third derivative of the dielectric constant [1.82]. He 
derived an expression which is used to model AR/R lineshape features associated with QW 
interband transitions. This expression is known commonly as Aspnes ’low field Third Derivative 
Functional Fit’ (TDFF) [1.82] and is given by the following equation:
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where p is the total number of interband transitions to be fitted in the spectrum, Cj and 0j are the 
amplitude and phase factors which determine the amplitude and asymmetry of the j-th transition, 
A (= E - Egj) is the position co-ordinate relative of the j-th interband transition energy EgJ, and 
£  is the spectral broadening of the j-th transition. The exponent nj is determined by the nature 
of the interband transition studied: n = 2.5 for a 3D critical-point; n = 3 for a 2D point; and n = 2 
for excitons. For QWs, the TDFF expression is inappropriate for describing the modulated spectra 
of QW structures which are thought to be first derivative rather than third derivative in nature
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[1.83]. However, it is generally accepted that the TDFF with n = 3 mimics sufficiently the 
lineshapes of QW structures in order to obtain accurate transition energies.
In the second category, the ’high field limit’, the PR lineshape evolves from a third derivative 
response to an oscillatory response above the bandgap where the oscillations are termed Franz- 
keldysh oscillations (FKO) [1.84] and are characteristic of a strong ac  applied electric field 
accelerating the carriers of the structure. The presence of FKO in absorption or reflectivity spectra 
is based on the Franz-keldysh effect [1.85], where the semiconductor bandedge is shifted to longer 
wavelengths as a result of absorption of photons with energies less than the bandgap of the 
semiconductor. A explanation for the presence of FKO involves the determination of the total 
overlap integral, and hence the optical absorption/reflection, of the electron and hole wavefunctions 
whose solutions are Airy functions in an applied field and have an asymptotic oscillatory 
behaviour [1.85,1.86].
From Aspnes theory [1.82,1.84], the presence of FKO in PR spectra indicates that the Tow field 
limit’ has been exceeded. This theory is based on the modulation from a flat band surface 
condition and does not take into consideration the possible presence of large built-in electric fields 
in the structure. Bhattacharya et al [1.87] showed that the electric field responsible for the FKO 
in the PR spectra of indium-tin oxide on InP was the dominant dc  built-in electric field of the 
structure rather than the ac applied electric field. For example, the FKO of a periodically doped 
GaAs nipi structure [1.88] is shown in Figure 1.15. The FKO, whose extrema are labelled in 
Figure 1.15, are characteristic of a built-in electric field of -10  kV/cm (the magnitude is 
determined from the period of the FKO extrema [1.84]), and is due to the large spatial separation 
of the carriers in these structures.
The condition where the dc  built-in field is greater than the ac  applied field is referred to as the 
low-field Franz-keldysh criterion (LFFK) [1.89] and has resulted in the in-situ characterisation of 
both surface and internal built-in electric fields in a variety of epitaxial grown structures which 
include n-type and p-type GaAs grown on undoped GaAs substrates [1.90], and InxGaj_xAs and 
In+b.xAsgrown on Fe-doped SI InP [1.91]. In addition, Sydor et al [1.92,1.93] determined 
interface quality and unintentional impurity concentrations in undoped GaAs and found that the 
separation of the FKO extrema provide a good measure of the carrier concentrations in the sample.
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1.3.3 Photoreflectance applications to Q W  structures & devices
Chapter 1
Parayanthal et al [1.94], showed that PR at 300K can be used to quantify the physical 
characteristics of epitaxial growth techniques. Using a spatial resolution corresponding to the 
probe beam spot size of 100 pm, they calculated topographical variations in both well width and 
barrier composition across an area of 1 x 1 cm2 of an AlGaAs/GaAs MQW wafer. Using Equation 
1 .1 , they found systematic variations in the energy positions of the interband transitions which 
corresponded to monolayer variations in the well width after comparisons to a theoretical model.
With the increasing improvements in growth techniques, the well width can be controlled more 
reliably so that other band parameters, most noticeably the conduction band offset (Qc) can be 
calculated. It has been shown [1.83] that the value of Qc differs for AlGaAs/GaAs MQWs grown 
in different crystallographic directions with Qc = 0.65 for the [100] direction while a value of 0.55 
was found to be more appropriate for the [111] direction. For InGaAs/GaAs structures, a novel 
approach to calculate Qc was adopted by Ksendzov et al [1.95] where the polarisation dependence 
of the PR spectra at 300 K for MOVPE grown [001] InxGa,_xAs/GaAs SQWs were examined with 
different x content. For light polarised in the well (growth) plane and perpendicular to it, their 
results, see Figure 1.17, allowed them to distinguish between transitions of heavy hole and light 
hole character from which they calculated a dependence of Qc on the In concentration to be Qc = 
0.45 ± 0.07 for x = 0.11 and Qc = 0.67 ± 0.07 for x = 0.19.
Parity ’forbidden’ transitions, where An + 0, have been observed in AlGaAs/GaAs QW structures 
using optical techniques which include photocurrent (PC) [1.96] and photoluminescence excitation 
(PLE) [1.97] spectroscopy. The breakdown of the selection rules occurs because of the mixing 
of light and heavy hole valence bands of different quantum numbers. Using PR, Shen et al [1.98] 
studied the spectra of a 100/150A Al017Ga083As/GaAs MQW at 300 K and identified 10 spectral 
features which are labelled by arrows in Figure 1.18. For this study, the notation nmH  and nmL 
represent transitions between the nth electron state of the conduction band and the mth valence band 
state of heavy hole (H) and light hole (L) character. They found that in order to obtain an 
accurate fit of the PR lineshape to the TDFF of Equation 1.1 extra transitions, which included the 
’forbidden’ transitions 12H, 13H  and 21L had to be included. This is demonstrated in Figure 1.18, 
where the lineshape (solid line) is a fit to the spectrum using Equation 1.1 with p = 10 to include 
the forbidden transitions. This fit is clearly more accurate than the original lineshape fit (dashed 
line) when only the allowed transitions are considered, i.e. p = 7.
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Type I and Type II allowed transitions have been identified in InGaAs/GaAs SQW structures 
[1.99], coupled MQW structures [1.100] and superlattice (SL) structures [1.101]. In addition, 
unconfined transitions which arise from minibands above the barrier material in both the 
conduction and valence bands, have also been observed at 300 K and were fitted to Aspnes TDFF 
to obtain energy positions above the barrier bandgaps in both AlGaAs/GaAs MQW [1.102] 
structures and InGaAs/GaAs MQW [1.103] structures.
As PR is an ac  technique, information can be obtained by studying the response of PR lineshape 
to the modulation parameters, which include pump beam wavelength [1.104], pump beam intensity 
[1.105], pump beam frequency and sample temperature [1.106]. These studies have resulted in 
the identification of component layers of the structure [1.104], the determination of the field 
conditions and field magnitudes [1.105] and the calculation of temperature dependent carrier 
lifetimes and trap activation energies [1.106], For example, the nature of the built-in field of the 
GaAs nipi superlattice of Figure 1.15 was investigated using a series of pump beam power 
densities [1.46]. From Figure 1.15, the period of the FKO, and therefore the magnitude of the 
built-in field, is reduced as the pump beam power increased. The reduction in field magnitude was 
explained by the decrease in spatial separation of the carriers in the structure as a result of the 
increased electron-hole concentration in the sample due to the increased pump beam power 
density. The reduction of the built-in field was confirmed by calculating the lifetime of the 
carriers as a function of the applied pump power density. The lifetime of the carriers, which is 
calculated from the dependence of the amplitude of the PR signal on the pump chopping frequency 
[1.104], showed a significant decrease due to the reduction in spatial separation of the carriers, 
with decreasing field, see Figure 1.16.
At present, there is much interest in the use of PR to study the presence of a 2 dimensional 
electron gas (2 DEG) in modulation doped heterojunctions (HEMTs) which are associated with 
high electron mobility FETs. HEMTs are formed through the charge transfer from a heavily 
doped AlGaAs layer to an undoped GaAs layer. When the electrons are transferred from the 
doped layer they are confined at the interface region to form a two dimensional high mobility 
electron gas (2 DEG) in a triangular potential well. Subband states are formed in the conduction 
band while the valence band remains 3 dimensional. Glembocki et al [1.78] studied and compared 
the PR spectra of several MBE grown HEMT structures with that of an undoped MBE grown 
heterojunction at 300 K, see Figure 1.19. A comparison of the undoped heterojunction (structure 
384) with the HEMT structure (structure 147) shows an extra feature above the GaAs bandgap
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(-1.42 eV) which was correlated with a 2 DEG. Cyclotron resonance measurements at 4 K 
confirmed the presence of the 2 DEG. The PR spectrum for a structure 236 in which cyclotron 
resonance did not detect a 2 DEG does not show this feature.
The characterisation of built-in fields is important in terms of devices whose performance are 
affected by such fields. For example, Yin et al [1.107] have correlated the current gain of 
AlGaAs/GaAs HBTs with internal electric fields in the AlGaAs emitter and GaAs collector regions 
which were identified from the FKO in their PR spectra at 300 K.
1.4 Summary
In this chapter, the applications of interdiffusion techniques for the fabrication of optoelectronic 
AlGaAs/GaAs QW devices have been reviewed. The realisation of these devices requires 
continual improvements in our understanding of interdiffusion in QW structures. It has been 
demonstrated here that PR, has the potential to characterise the interdiffusion behaviour of the 
subband structure and thus the optical properties of QWs for device fabrication and ultimately 
OEIC fabrication.
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Schematic representation [1.11] of an AlGaAs/GaAs SQW structure.
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The photoabsorption spectrum of an AlGaAs/GaAs MQW structure [1.11] 
.showing step lineshapes corresponding to allowed interband transitions.
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Optoelectronic integrated AlGaAs/GaAs laser diode and a waveguide modulator which was 
fabricated by etching and epitaxial regrowth [1.14].
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Room temperature pulsed spectra [1.31] at lasing threshold for two AlGaAs/GaAs QW 
heterostructure laser diodes after furnace annealing at (a) 875°C and (b) at 900°C for 8h. 
The 875°C, 8h anneal results in no wavelength modification from the as-grown structure 
while the 900°C anneal for 8h results in 40meV shift from the as-grown case.
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Spontaneous emission from two different laser diodes [1.40], D1 (Si3N4 capped) and D2 
(Si02 capped), fabricated from the same AlGaAs/GaAs QW heterostructure after annealing 
at 825°C for 10 h. (a) and (b) show the spontaneous emission and laser operation of Dl. 
(c) shows the spontaneous emission of D2 diode where in contrast to the Si3N4 cap the 
Si02 cap shifts the laser operation to higher energy by 90 meV.
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AlGaAs/GaAs MQW waveguide structure [1.49] fabricated by Zn impurity induced 
diffusion.
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Figure 1.7  AlGaAs/GaAs stripe lateral injection laser [1.53], fabricated by Si impurity induced 
diffusion.
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Figure 1.8 Buried AlGaAs/GaAs MQW laser/waveguide structure [1.55]. Zn diffusion enhanced the 
interdiffusion of Al and Ga which resulted in an optical waveguide stripe layer.
Figure 1.9 AlGaAs/GaAs GRINSCH SQW laser 11.59], oxygen ions were implanted to electrically 
isolate the metal stripes.
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Figure 1.12
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PR spectra [1.78] at 300 K for an Al017GaQ 83As/GaAs heterojunction and a series of 
Al02Ga08As/GaAs MQW structures with well widths Lr The interband transitions in the 
MQW structures are labelled by the notation hn and ln which represent the allowed 
transitions (An = 0) of index n and heavy (h) or light-hole (1) character.
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Figure 1.14
Figure 1.13 Photoreflectance set-up [1.83],
thin oxide 
layer
Energy band diagram at the surface of a n-type material for (a) a depletion layer and (b) 
an accumulation layer formed at the surface of the material.
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PR spectra [1.88] at 300 K of a GaAs nipi superlattice which shows FKO whose period 
reduce as the pump beam power density is increased.
Pump Chopping Frequency, (Hz)
The carrier lifetimes of a GaAs nipi superlattice [1.88] determined from the PR intensity 
of the FKO in Figure 1.15 for different power densities as a function of ac pump chopping 
frequency.
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Figure 1.19
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PR spectra [1.78] at 300 K for AlGaAs/GaAs MBE grown undoped heterostructure 
(sample 384) and for two modulation doped heterostructures (samples 147 and 236). 
From the spectra, sample 147 contained a 2 DEG feature whereas sample 236 did not.
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2.1 Introduction
This chapter describes, the SQW structures studied, the principal experimental processing 
techniques of ion implantation and rapid thermal annealing and the optical technique of PR.
2.2 Details & growth o f SQW structures
The samples investigated in this thesis consisted of a matrix of four A^Ga^As/QaAs SQW 
structures with two different barrier compositions and two nominal well widths. The structures 
were grown by the ’Quantax’ Metal-Organic Vapour Phase Epitaxy, (MOVPE) [2.1] reactor at the 
University of Sheffield Central Facility for III-V Semiconductor Growth. This reactor is well 
established for the growth of high quality device structures, including asymmetric Fabry-Perot 
modulators, transverse lasers and quantum well solar cells. MOVPE involves the transport of 
vapour alkyls of the group III metals and vapour hydrides of the group V elements using a
purified carrier gas, usually H2, into a reactor chamber where they undergo thermal decomposition
(pyrolysis) over a R.F heated substrate. The growth of the QW layers is accomplished by 
changing the gas composition and flow rates in the reaction chamber. Provided the rate at which 
such changes take place is fast, atomically abrupt compositional changes at AlGaAs/GaAs 
interfaces can be formed.
The structures were grown on (100) undoped SI GaAs substrate and have AlxGaj_xAs barrier layer 
thicknesses of 1000 A both above and below the well and are terminated with a 50 A GaAs cap, 
see Figure 2.1. Two structures have barrier compositions of x = 0.3 and the other two have 
x = 0.2. From growth conditions, each pair of structures have nominal GaAs well-thicknesses (Lz) 
of -50  A and -10 0  A. The layers were grown at a rate of 1.5 pm/h for a growth pressure and 
temperature of 920 torr and 600°C respectively. For convenience, the as-grown SQW structures 
will be referred to throughout this thesis by the notation x/Lz(A):0.3/50, 0.3/100, 0.2/50 and 
0.2/ 100 .
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The quality of the structures were confirmed by PL measurements at 4.2 K. The details of these 
measurements are presented in chapter four. All the layers grown were undoped, although 
evidence of residual p-type doping due to background carbon acceptor concentrations was 
estimated to be ~ 10 15 cm'3 using post growth electrochemical profiling.
2.3 Sample preparation & processing
Prior to experimental processing, the wafers were cleaved into ~ 5 mm2 samples and cleaned using 
Trichchloroethylene, Acetone and Propan-2-ol followed by heat treatment.
2.3.1 Rapid Thermal Annealing
Annealing involves heating the material to elevated temperatures which are typically hundreds of 
degrees. In this thesis, anneals were carried out using a double graphite strip isothermal RTA 
system [2.2], see Figure 2.2, with the SQW structures placed in a chamber between graphite strips 
which were resistively heated. Before the material was annealed, the samples were prepared by 
cleaning with solvents. Three different rapid annealing cycles at fixed annealing temperatures of 
800°C, 900°C and 1000°C for annealing times of 10, 60, 120 and 180 s were used. The annealing 
temperature was monitored using an Iron Mode 3 dual colour pyrometer, which has an accuracy 
of ± 1%  of full scale, i.e. +16°C here. The thermal ramp times for the RTA system were a rise 
time of 3 s and a fall time of 5 s between temperatures of 700°C and 1000°C. Annealing times 
as short as 10 s were measured between the two ramp times. Before annealing, the chamber was 
evacuated to 10' 1 torr. The structures were annealed in a nitrogen rich atmosphere using a 
proximity cap to prevent surface decomposition of GaAs during annealing. Proximity capping 
involved the placement of the sample face down on a clean GaAs wafer. This limits As loss and 
surface oxidation of the material since it is known that at temperatures greater than 700°C, 
evaporation of As causes the surface of GaAs to decompose during annealing.
2.3.2 Ion implantation
Ion implantation technology [2.3], is currently widely regarded as a standard processing tool for 
both electronic and optoelectronic semiconductor device fabrication. During ion implantation, 
atoms are ionized, accelerated and directed towards the semiconductor surface. On entering the 
target sample, the ions give up their energy to the lattice through multiple collisions with the host
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atoms and come to rest at a depth which depends upon the ion mass and implant energy and the 
density of the target sample.
The ion concentration, C, of the implanted ions as a function of depth x into the target, is 
characterised by a Gaussian distribution with an average depth of implanted ions or projected 
range, Rp, with a standard deviation, ARp, and is given by:
C ( x )  -     ___   exp
\[2% ARp
where C(x) is the ion distribution measured in ions/cm3 and N is the ion dose measured in 
ions/cm2. Typical implant energies range from hundreds of keV to several MeV, resulting in 
average depths ranging from tens of angstroms to several microns with doses in the range from 
1012 to 10 18 ions/cm2.
The advantage of ion implantation is that it offers precise impurity concentration, layer depth 
control and reproducibility. In addition, ion implantation provides selective area implants using 
conventional lithographic techniques which makes it ideal for device fabrication. However, ion 
implantation causes lattice disorder which must be subsequently removed by annealing.
In its simplest configuration, an ion implanter consists of a gas source containing the ion to be 
implanted. The ions are extracted from the source and are passed through a mass separator to 
ensure that only the chosen ion with the desired charge to mass ratio reaches the sample. The 
chosen ions are then accelerated to raise their kinetic energy to the implant energy. The resulting 
ion beam is then focused and scanned electrostatically over the surface of the sample in the target 
chamber to achieve a uniform impurity concentration.
In this thesis, ion implantation was earned out using the 500 kV implanter at the University of 
Surrey, see Figure 2.3. Oxygen ions were implanted into the SQW structures at room temperature 
with an ion dose of 1 x 1014 cm'2. The structures were tilted 7° off axis to the ion beam to avoid 
the effects of channelling [2.4]. The average depth, Rp, was controlled by adjusting the ion beam 
energy, and the required value was determined using a computer simulation program for the 
distribution of implanted ions in multilayered structures [2.5]. The depth-dependent distributions
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of the oxygen implanted ion concentration for structures 0.2/50 and 0.3/50 are shown in Figure 
2.4. An ion beam energy of 75 keV, resulted in Rp ±  ARp of 1127 ± 486A and 1140 ± 488A at 
the centre of the SQWs for structures 0.2/50 and 0.3/50 respectively. The values of Rp and ARp 
were greater in structure 0.3/50 which is consistent with the fact that the oxygen ions travel further 
in a less dense material for the equivalent ion energy and dose. After implantation, the structures 
were annealed to remove the lattice damage and to activate the oxygen ions.
2.4 Photoreflectance system
The PR experimental set-up used for this thesis is shown in Figure 2.5. The SQW structures were 
held on a vacuum chuck which was mounted on an X-Y-0 stage for alignment of both the pump 
and probe beams on the sample surface and the reflected signal on the detector. The probe beam 
was provided by a 100 W quartz halogen lamp which was passed through a single-grating 0.34 m 
SPEX computer-controlled spectrometer to provide a tunable monochromatic light source. The 
resolution of the spectrometer for the slit widths used was ~ 2-3 meV. The angle of incidence of 
the probe beam on the sample surface was 52°. The probe beam was scanned as a function of 
photon energy from 1.3 eV to 2.0 eV, which included the bandgap of the GaAs substrate at -1.421 
eV, the SQW transitions between 1.4 and 1.8 eV and the AlxGaj_xAs barriers, which were at 
-1.72 eV for x = 0.2 and -1.84 eV for x = 0.3 respectively, for the structures studied here.
The pump beam consisting of a -1 .2  mW green He-Ne laser beam (k  = 543.5 nm) was 
mechanically chopped at a frequency Qm = 333 Hz, to avoid mains interference. The incident 
modulated pump beam was at near normal incidence to the sample surface and provided the 
reference signal for the lock-in amplifier detection system. PR signal frequency dependence 
measurements were performed by varying Qm from 66 to 4000 Hz. The pump beam power was 
varied using calibrated neutral density filters to investigate its effect on the PR signal. The pump 
and probe illuminations were arranged to overlap on the sample surface, with ideally identical 
areas. Coloured glass filters were placed in the incident and reflected beams to remove the 
second-order diffracted light from the grating and to attenuate scattered light from the pump beam 
at the detector. The ac and dc  components of the detected signal are AR, at the modulation 
frequency of the pump beam, and R, which represent the modulated reflectivity and the reflectivity 
of the sample, respectively. The reflected beam, which contained both signals, was detected using 
a silicon photodiode followed by a current-sensitive preamplifier, whose output was passed 
through a low-pass filter to give R, and through an impedance-matched blocking capacitor to a
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lock-in amplifier tuned to the modulation frequency of the pump beam, to give AR. Typically, 
scan times were approximately 10  min over the spectral range studied using a lock-in time 
constant of 1 sec.
2.4.1 Photoreflectance measurements
The first consideration when measuring a PR spectrum was to determine the spectral response of 
the lamp-spectrometer-detector system. This was achieved by mounting a mirror on the vacuum 
chuck and measuring the spectral response to detect any spectral distortions which may occur in 
the system. Such distortions, known as ’spectral kinks’ were found and were attributed to 
imperfections in the quality of the grating in the spectrometer after changing the detector. 
Fortunately, such distortions were corrected very efficiently by determining the PR signal, AR/R.
For these experiments, AR and R were measured separately before subsequent normalisation. The 
reason for this procedure was that the AR spectrum contained a background signal. Blocking the 
probe energy showed that the magnitude of this signal was independent of time and that it varied 
linearly with the intensity of the pump beam. In addition, it was found that the magnitude of this 
offset varied for different structures for identical experimental conditions which suggested that it 
originated from unwanted sample luminescence and depended directly on the pump beam intensity. 
Simple methods of suppressing this unwanted signal include simple long focal length optics, the 
reduction of the pump beam intensity and subtraction using the offset controls of the lock-in 
amplifier. More elaborate techniques include using a second monochromator [2.6] and a recently 
developed technique known as ’front-end compensation [2.7], where a phase shifted signal from 
the reference source is applied to the lock-in amplifier’s differential input. For the work presented 
in this thesis, the unwanted signal was measured by blocking the probe light to measure the time 
dependence of the background signal intensity. A constant intensity was found for the background 
signal which was averaged before subsequent subtraction from the AR signal.
The reason for normalisation was to eliminate the intensity dependence of the probe beam energy, 
which is inherent in both AR and R. However, it has been our experience together with others 
[2 .8], that provided the response of the lamp-monochromator-detector configuration is featureless 
and the intensity dependence of the probe beam energy is constant, the need to normalise the AR 
spectrum by R each time is unnecessary. Our spectra show this to be the case. Consequently, the 
additional effort of normalising by R was neglected in some of the spectra presented.
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The dependence of AR on the pump power density was also investigated using the calibrated 
neutral density filters. As will be shown in chapter four, the spectral lineshape dependence on the 
pump power level was such that ’low field conditions’, as defined in chapter one, were produced.
All the PR measurements were performed at room temperature (25 °C). To check the significance 
of pump excitation, PR spectra were repeated using red He-Ne laser (X =  632.8 nm). The 
lineshape of the spectra remained the same. For calibration purposes, the temperature dependence 
of the PR features were calculated using structure 0.3/100. PR spectra were obtained at three 
different temperatures, T = 13°C, 19°C and 23°C ± 1°C. The change in PR energy as a function 
temperature in eV per Kelvin was calculated to be 4.7 x lO^eV/K. This value agrees
well with the relationship for the temperature dependence of the GaAs bandgap, E(T), given by 
Varshni [2.9]:
E ( T )  -  E { 0 )  -  A T 2 /  ( T+B)  (2-2)
where E(0) = 1.519 eV is the GaAs energy bandgap at 0 K and the constants A and B are given 
by 5.405 x 10'4 eV/K2 and 204 K, respectively [2.10]. Using this expression, for values of T in 
Kelvin between 5°C and 30°C, a temperature dependence of 4.5 x 10"4 eV/K was obtained.
The sample structures and processing techniques described above were used to study the thermal 
stability and oxygen interdiffusion in AlGaAs/GaAs SQW structures.
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Figure 2.1
50A GaAs cap
1000A Al xG a1.xAs
GaAs (Lz )
1000A Al xG a1.xAs
semi-insulating (SI)
GaAs substrate
Details of the four S Q W  structures studied. T w o  structures have barrier composition of 
x = 0.2 and the other two have x = 0.3. Each pair of structures have nominal GaAs well­
thicknesses (Lz) of ~50A and -100A.
Color
Figure 2.2 Isothermal double graphite strip RTA.
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Figure 2.3 500 k V  ion-implanter at the University of Surrey.
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x (A)
Figure 2.4 Simulated oxygen concentration depth distributions for 75 keV 0 +implants resulting in Rp 
± ARp of 1127 ±  486A and 1140 ±  488A at the centre of the Q W s  for structures (a) 0.2/50 
and (b) 0.3/50 respectively.
Figure 2.5 Room temperature PR system used in this thesis.
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C h a p t e r  T h r e e
The E ffects o f  In terdiffusion on the Subband Structure o f  
AlG aAs/G aAs Single Q uantum  W ell Structures
3.1 Introduction
QW structures are of considerable importance in the fabrication of optical devices such as 
modulators, waveguides and laser diodes for the design of OEICs. The present methods of 
integrating such devices require many masking and etching steps followed by regrowth which 
results in low device yields and poor interface quality. Thermal diffusion techniques such as 
IFVD [3.1] and IID [3.2], where the bandgap of the QW structure is modified in selected regions 
after growth by controlled atomic interdiffusion, have emerged as powerful one step epitaxy 
techniques to fabricate optoelectronic device components for OEIC fabrication.
In particular, diffusion techniques have been successful in modifying the emission of buried 
heterostructure laser diodes [3.3]. In addition, because the refractive index of the diffused region 
is different to that of the original material, this technique offers a planar technology which is 
capable of fabricating low-loss channel waveguides [3.4] suitable for interconnecting device 
components on an OEIC chip.
However, in order to design such devices, it is important to understand the variation of the optical 
properties of QW structures with interdiffusion. In this chapter, the effect of interdiffusion on 
the carrier confinement profile has been studied for a series of AlGaAs/GaAs SQW structures. 
The mechanism of the interdiffusion process was not considered here although it is generally 
accepted that interdiffusion in AlGaAs/GaAs materials takes place through the thermal generation 
of group III vacancies which replace the nearest neighbour Al or Ga atoms, thereby resulting in 
their interdiffusion. Further details on this topic are found in Reference 3.5.
SQW structures were used since they are representative of interdiffusion effects found in all QW 
structures. In particular, the interdiffusion induced modification of the confinement profile was 
evaluated in terms of the energy shifts of the interband transitions which takes into account the 
energy shift due to the changes in quantum confinement and the diffusion of Al atoms into and 
Ga atoms out of the centre of the well for a series of different QW well widths.
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3.2 Interdiffusion in AlGaAs/GaAs QW structures
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For undoped as-grown AlGaAs/GaAs QW structures, interdiffusion can be explained by the 
diffusion of the group III atoms (i.e. Al and Ga) across the interface between the GaAs well and 
AlGaAs barrier layers which results in a modification of the as-grown composition and carrier 
confinement profiles of the QW from rectangular to graded profiles. As the subband states are 
dependent upon the shape of the confinement profile, interdiffusion changes the bandgap energy 
and therefore the interband transitions and optical properties of the QW.
For this study, a theoretical model developed by Li et al [3.6] was used to calculate the effects 
of interdiffusion on the subband states and thus interband transitions of AlGaAs/GaAs SQW 
structures. The model was applied here to a series of SQW structures with varying well widths 
(Lz) which were bound on both sides by 1000 A AlogGaojAs/GaAs barrier layers.
In the model, it was assumed that the interdiffusion of Al and Ga atoms is isotropic with the 
interdiffusion co-efficient being constant and independent of the respective concentrations of the 
diffusing atoms, in accordance with Fickian diffusion [3.5]. Consequently, the confinement 
potential profile of the QW was determined here by the Al compositional profile. Starting with 
perfectly abrupt interfaces and an initial Al concentration, x0, in the barrier layers, the Al 
compositional profile x of an interdiffused QW along the quantisation direction z of the QW, with 
the well centred at z = 0 is given by the sum of two error functions [3.7]:
where the z axis is the growth direction, erf denotes the error function [3.8] and Ld is the 
interdiffusion length which represents the extent of the Al-Ga interdiffusion and is defined as Ld 
= (Dt)w, where D and t are the temperature dependent Al-Ga interdiffusion coefficient and 
annealing time respectively. The carrier confinement profile of the QW was obtained from the 
modification of x(z) during interdiffusion.
1
x ( z )  = x D 1  -  _  e r f
V
(3.1)
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The material parameters used in calculating the interband transitions as a function of x in 
AlGaAs/GaAs QW structures are given in Table 3.1. The changes of the subband energy states 
of the SQW structures were calculated for various values of Ld by solving the Schrodinger wave 
equation using a finite difference method. The as-grown rectangular profile were defined here 
by Ld = 0 and a partially interdiffused QW corresponds to Ld ~ lA Lz while an extensively 
interdiffused well corresponds to Ld > Lz, see Figure 3.1. For these calculations, exciton binding 
energies were not included. For reference, the zero potential was defined to be the bottom of 
both the conduction band and the valence band at z = 0 and was measured positively upwards 
from the bottom to the top of both the conduction and valence bands.
Table 3.1 Parameters used to model the subband structure of AlxGa[.xAs/GaAs S Q W  structures.
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Parameter Value Reference
Bandgap 1.424 + 1.594x + x(l-x)(0.127 - 1.31x) eV [3.9]
Electron mass (0.0632 + 0.0856x + 0.023 lx2) mu [3.10]
Heavy-hole mass (0.33 + 0.18x) nq [3.11]
Band Offset Ratio 70:30 [3.6]
3.3 Results
The interband transition energy of an as-grown SQW structure, Enn, between the n01 electron state 
in the conduction band and the nth heavy hole state in the valence band, represents the sum, of 
the electron, ECn, and the hole, EHn, subband energy states together with the bulk GaAs bandgap 
energy, Eg = 1.424 eV, corresponding to the composition of the well at z = 0 and is given by:
E  = En + E„ + E  (3.2)nn Cn Hn g
The conduction and valence band confinement profiles'together with the subband ground energy 
states for an as-grown rectangular and interdiffused SQW structure, where Ld ~ Vz Lz, are plotted 
in Figure 3.2. From Figure 3.2(a), the depth of the as-grown SQW, AECV, is given by the sum
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of the conduction band depth, (AEC = 295 meV) and the valence band depth, (AEV = 126  meV) 
using a band offset ratio, QC:QV, of 70:30.
For the case of the interdiffiised SQW in Figure 3.2(b), the Eu transition energy, has shifted 
higher in energy to E n and is given by:
A i = + A f -  A  (3-3)
where tilde is used here to denote the respective parameter in an interdiffiised well, Ecf is the sum 
of the subband energy interdiffiised states, ECn and EHn, and Edf represents the increase in Eg due 
to the change in composition at z = 0 with QW interdiffusion and is given by the sum of E cdf and 
E Vdf which are the bandgap energy changes at the bottom of the conduction and valence bands 
respectively, see Figure 3.2(b).
3.3.1 Ground state transitions
The variations of E n , E cf and E df for the ground state transition are plotted in Figure 3.3 as a 
function of Ld/Lz for Lz = 25 A, 50 A and 100 A. Ld has been normalised to Lz to enable an 
accurate comparison of the interdiffusion effects to be made in these structures with different well 
widths. For clarity Eg which is a constant has been removed, when plotting E n as a function of 
L /L z. The horizontal line at 421 meV in Figure 3.3 represents AECV, the as-grown well depth. 
Consequently, the depth of the interdiffused SQW AECV at z = 0 as a function of Ld/Lz is given 
by:
& E„  = AEcv -  Edt (3.4)
i.e. the increase in E df is a direct measure of the decrease of the interdiffused well depth, see 
Figure 3.3.
Due to the normalisation of Ld by Lz in Figure 3.3, the increase of E df with LJLZ and therefore 
the decrease of AECV with Ld/Lz are the same for different Lz. In addition, E n was found to shift 
non-linearly to higher energy and to saturate for Ld/Lz > 1 for all Lz. For Ld/Lz up to ~ 0.1, the
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changes in E u were due totally to changes in Ecf since E df = 0. This initial interdiffusion did not 
change the depth of the well at z = 0 since, from Equation 3.4, AECV = AECV when E df = 0, but 
did reduce and enlarge the effective interdiffused well width L z at the bottom and top, 
respectively, of both the conduction and valence profiles, see Figure 3.2. This meant that during 
the early stages of interdiffusion, only the regions which were close to the well/barrier interfaces 
were affected by the interdiffusion while the centre of the well remained unaltered. Consequently, 
as Ld/Lz increased from zero in Figure 3.3, E cf increased for all Lz because the subband energy 
states of the E n transition energy, which were located lower in their respective confinement 
profiles, experienced an initial decrease in Lz for constant well depth. For larger values of Ld/Lz, 
E cf reached a maximum and then started to decay as E df increased, which resulted in a decrease 
of AEcv and a corresponding increase of L z.
The above variation of E n as shown in Figure 3.3, was therefore determined by two competing 
effects, namely the effective interdiffused well width variation L z at the subband energy states, 
represented by E cf, and the effective interdiffused well depth variation AECV represented by E df. 
The dominance of one effect over the other in determining the variation of E n was governed by 
Lz for constant x0. For example, the ground state subband states were confined deepest for Lz = 
100 A. Consequently, as the changes in E ^  with Ld/Lz were the same for all Lz, the overall 
energy shift in E u between Ld/Lz of 0 (as-grown) and 1 (extensively interdiffused) was far greater 
for this well width than for either Lz = 50 A or 25 A. This result indicated that the shift in E n 
with interdiffusion was influenced primarily by AECV when Lz increased and is demonstrated in 
a plot of the rate of change of E u with Ld/Lz, i.e. d E n/d(Ld/Lz) against Ld/Lz see Figure 3.4. 
These curves show clearly that dEn/d(Ld/Lz) is greater for larger Lz due to the dominant influence 
of the decrease in AECV over the change in L z in determining the behaviour of E n .
3.3.2 Higher order transitions
The dependence of E nn on AECV and L z can be examined further by studying the higher order 
E22 and E 33 interband transition energies using Lz = 75 A, 100 A and 125 A, see Figure 3.5. The 
E 22 and E 33 transition energies showed similar variations as that found for the E n . The quantum 
confinement behaviour of an interdiffused SQW is demonstrated in Figure 3.5(a) for Lz = 75 A. 
In general, it is known that the total number of interband transitions, H, increases with increasing 
well width and/or well depth for a fixed bandoffset and carrier effective mass. Apart from the
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very early stages of interdiffusion, i.e. Ld/Lz < 0 .1 , AECV decreases while L z increases until, in 
the limit of interdiffusion, Ld/Lz»  1, there is no quantum confinement. In theory, this behaviour 
suggests that predicting E for an interdiffused SQW may be difficult because decreasing AECV 
should decrease E while the increasing L z should increase E  However, in the case of Lz -  75 
A, E increased for Ld/Lz > 0.25 with the presence of the E33 transition energy. Its presence 
indicated that S  is controlled by the changes in L z rather than by changes in AECV.
The variations of dEnn/d(Ld/Lz) with Ld/Lz for the higher order interband transitions are shown in 
Figure 3.6. These plots show that dE nn/d(Ld/Lz) varied as a function of Ld/Lz for all Lz in a 
similar fashion to that predicted in Figure 3.4 with the greater changes in dEnn/d(Ld/Lz) occurring 
for larger Lz. In addition, dE^/dCLj/LQ for Ld/Lz <0.1 was greater for the E22 and E33 transitions 
than for the E n transition for all Lz, i.e. the higher order transitions were more sensitive to the 
effects of interdiffusion. This behaviour can be explained by considering the conduction and 
valence band confinement profiles together with their corresponding subband states for a finite 
potential as-grown and interdiffused (Ld/Lz = 0.1) SQW structure for Lz = 100 A, see Figure 3.7. 
For Ld/Lz < 0 .1 , the depth of the well did not change. Consequently, the energy shifts of the 
different subband states can be attributed to changes in Lz which increase and decrease at the top 
and bottom respectively of the conduction and valence bands. Therefore, it might be expected 
that the energy shift of the lower order subband states would be greater than higher order subband 
states since they experience a decrease in L z for constant well depth while L z increases for the 
higher order subband states. However, this variation was not predicted in Figure 3.7 where 
energy shifts of the higher order subband states were greater than and in some cases less than the 
corresponding energy shifts of the ground subband states. This implied that the variations shown 
here were not simply due to changes in L z. Instead, it was necessary to consider spatial 
probability distributions for the electron and hole subband states of the interdiffused SQW 
structure in Figure 3.7.
The time independent spatial solution of the Schrodinger wave equation, for a carrier confined 
in a finite square well potential along the z axis, which has a well width of Lz, is \j/n(z) ~ e*1^ , 
where n is the order if the confined electron energy level and k is the wavenumber vector [3.12]. 
The probability of finding the carrier at any point in the well is given by the square of the 
magnitude of \|/n(z)> i-e- i\Rn(z)l2 [3.12]. I\|/Cn(z)l2 and lvj/Hn(z)l2 for the first three subband states of 
the conduction and valence band are plotted in Figure 3.7 for the interdiffused SQW.
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For both carriers, the probability distribution in these structures varied spatially such that the 
magnitude of hj/j(z)l2 was greatest at the centre of the well, i.e. at z = 0, while the magnitudes of 
l%(z)l2 and l\|/3(z)l2 were greatest near to the interfaces of the well/barrier, i.e. at z = ± V&LZ. The 
different spatial magnitudes of the subband states shows that 6Euld(L fLJ  in Figure 3.6 were 
determined primarily by changes in the QW profile near the centre of the well while dE22/d(Ld/Lz) 
and dE33/d(Ld/Lz) were determined by the changes in the QW profile near the interfaces at z = 
± ViLz. At the interfaces of the quantum well, Edf was effectively no longer zero and thus l\|/2(z)l2 
and lv|/3(z)l2 experienced a well depth which was different to that at z = 0, where AECV = AECV. 
The rate of change of the interband transitions therefore depend on the spatial probability 
distributions and effective well widths of the subband energy states, together with the effective 
well depth which varies as a function of position in the well. The degree to which these factors 
determine the variation, and therefore the sensitivity, of the interband transitions were controlled 
by the respective confined energy positions of the subband states of the interband transitions in 
their respective subbands. For example, in Figure 3.7, the variation of the n = 1 subband state 
of the conduction band was determined by an effective well depth which decreased away from 
the centre of the well where l\|/cl(z)l2 was weak while the effective well width at this energy 
decreased. In contrast, the variation of the n = 2 subband state in the conduction band with 
interdiffusion was determined by an effective well depth which decreased away from the centre 
of the well where tyc/z)!2 was large while the effective well width at this energy increased.
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The effects of interdiffusion on the interband transitions of AlGaAs/GaAs SQW structures has 
been studied for a series of different well width configurations. The results showed that the 
variations of the interband transitions were determined by both, the initial as-grown well width 
and by the competing influences of the changes in the effective well width at the confined energy 
states and the changes in well depth, as a result of QW compositional changes with interdiffusion.
More importantly, these results showed that the rate of change of the higher order transitions was 
greater than the ground state transitions during early stages of interdiffusion for the structures 
studied here. Their behaviour was explained in terms of the changes in QW composition away 
from the centre of the well since the spatial probability of the carriers in the higher order states 
were greatest near to the interfaces of the well/barrier. This result indicated that it is no longer 
sufficient to consider only the compositional bandgap changes at the centre of the QW. In fact, 
for a graded bandgap QW, the definition of well depth and well width is not so straightforward.
Finally, the understanding of the behaviour of the higher order QW transitions as a function of 
interdiffusion is useful since the most common optical characterisation techniques, such as PL, 
determine only the behaviour of the ground state transition which, as we have shown here, is not 
as sensitive to the early stages of interdiffusion. This implies that the use of techniques which 
determine only the ground state transition are not sufficient alone for the detailed study of the 
interdiffusion process.
3.4 Conclusions
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AlxGa1xAs GaAs AlxGa1xAs
Figure 3.1 The conduction band (CB) and valence band (VB) confinement profile of an S Q W  
structure for a series of interdiffusion lengths using an error function profile [3.8] The
as-grown rectangular S Q W  profile is defined by L d = 0 (------) and a partially
interdiffused S Q W  corresponds to L d ~ lA  L z (----- ) while an extensively interdiffused
S Q W  corresponds to Ld > L z, (.....).
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Figure 3.2 The conduction band (CB) and valence band (VB) confinement profiles for an as-grown
rectangular SQW structure (-------- ) and that of its interdiffused structure (---------) where
Ld = Vi Lz. The ~  symbol is used here to denote the respective parameter in an 
interdiffused SQW.
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Figure 3.3 The variations of E ii ( )> F df (......... ), and Ecf (-------- ) as a function of Ld/Lz for
Lz = (a) 25 A, (b) 50 A and (c) 100 A. The horizontal line at 421 meV represents the 
depth of the as-grown SQW.
Figure 3.4  The rate of change of E n with Ld/Lz, dEn/d(Ld/Lz) as a function of L /L z for Lz = 100 
A ( ■), 50 A (...... ), 25 A (------ ).
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Figure 3.5 The variations of Enn (---------), Edf (......... ), and E cf (-------- ) for the ground state and
higher transitions as a function of Ld/Lz for Lz = (a) 75 A, (b) 100 A and (c) 125 A. 
The horizontal line at 421 meV represents the depth of the as-grown SQW.
■A »A  A
Figure 3.6  The rate of change of Enn with Ld/Lz, dEnn /d(Ld/Lz) for the Eu (......... ), E22 (------- ) and
E33 ( - )  transition energies as a function of Ld/Lz for Lz = (a) 75 A, (b) 100 A and (c)
125 A.
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Figure 3.7
/  (A)
Plots of (a) the conduction and (b) the valence confinement profiles for an as-grown
rectangular SQW structure (-------- ) for Lz = 100 A, x = 0.3 and that of its interdiffused
structure (-----------) where Ld/Lz <0.1. The subband energies before and after interdiffusion
for the first three subband states in both the conduction and valence bands together with 
the quantum mechanical probabilities of the interdiffused structure are shown.
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C h a p t e r  F o u r
Photoreflectance Spectra o f  As-Grown A lG aAs/G aAs Single 
Q uantum  Well Structures
4.1 Introduction
The determination of the interband transitions, and therefore the subband structure, of QW 
structures is essential in order to develop an understanding of their optical properties for practical 
device applications. At present, a number of optical techniques are well established for this 
purpose and include PL and PLE which operate at low temperatures (4 K or 77K). Only the 
ground state interband transitions of the QW are determined by PL while for higher order state 
transitions, PLE is required. However, as the optical properties, such as absorption and refractive 
index are affected by all the interband transitions in the QW, there is a need to determine these 
transitions accurately and preferably around room temperature where devices normally operate.
In this chapter, the subband structure of the four AlxGaj_xAs/GaAs SQW structures described in 
chapter two were characterised using PR at 300 K. However, the highly sensitive nature of PR 
produced detailed spectra for the SQW structures due to the contributions from different regions 
within the sample at similar energies to the AR/R signal. In order to understand the PR spectra 
obtained, the location within the structure from which each signal comes is important and was 
determined.
In particular, the PR spectra of all the structures produced well-defined FKO in the neighbourhood 
of both the GaAs and AlxGa1_xAs band-edge energies which overlapped with, and partially 
obscured, the PR signals from the GaAs, AlGaAs and QW regions of these structures. 
Consequently, the origin of the FKO within the structure were first determined using wet chemical 
etching to selectively remove the grown layers of structure 0.2/50 in turn down to the substrate. 
The resulting PR spectra as a function of etch depth allowed the magnitude of the built-in electric 
fields to be determined and revealed the location within this structure where the FKO originate.
The as-grown PR spectra were then fitted with a model incorporating an approximate lineshape 
form for the FKO together with Aspnes TDFF which enabled the interband transition energies to 
be determined. The energies determined were then compared to the theoretical model of Li for
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the determination of the subband structure of QW structures. The PR spectra associated with the 
etching analysis of structure 0.2/50 were first presented. From this study, the analysis of the 
subband structure of the four SQW structures followed.
4.2 PR spectra o f the SQW structures
The normalised change in reflectance, AR/R, as a function of probe beam energy for the four as- 
grown SQW structures are shown in Figure 4.1. The PR spectrum of each sample was measured 
at 300 K over the range 1.3 to 2.0 eV. From the spectra, the PR features of these structures lie 
between the bandedge energy of the GaAs substrate signal, near 1.424 eV [4.1], and the 
appropriate AlxGa,.xAs barrier signal near 1.72 eV for x = 0.2 and 1.84 eV near x = 0.3 [4.1]. 
However, this signal was obscured in all structures, particularly near and above 1.424 eV, since 
they overlap with the FKO [4.2] from the GaAs substrate. It may be also noted, that in 
comparison with the wider well structures, the narrower well structures had somewhat weaker PR 
signals from the QW which may be attributed to the thickness of the QWs. These structures were 
also examined using PL at 4.2 K which yielded high intensity well resolved PL spectra, which 
indicated the high quality of these structures. The energy and full width at half maximum 
(FWHM) of the'obtained PL peaks are given in Table 4.1.
Table 4.1 The energy of the Hn transition observed in low temperature PL and extrapolated to room
temperature [4.29,4.30]. The corresponding PR energies measured at room temperature 
are also shown.
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SAMPLE
w
H,, Ground-state Transition Energy (eV)
PL 
T = 4.2 K
FWHM (meV) 
T = 4.2 K
PL(a)
T = 298 K
PR
T = 298 K
0.2/50 1.595 6.0 1.499 1.497
0.2/100 1.542 4.6 1.446 1.447
0.3/50 1.608 6.8 1.512 1.512
0.3/100 1.548 4.1 1.452 1.452
(a) Results inferred from PL at 4.2 K and References [4.29] and [4.30].
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In order to identify the origin of the FKO in Figure 4.1, wet chemical etching was used for the 
selective removal of QW layers from structure 0.2/50 and the PR spectra were measured as a 
function of etch depth. Well-defined FKO were observed in the PR spectrum of structure 0.2/50, 
see Figure 4.2. One set of FKO occurred at low energies around 1.42 eV and were similar to 
those obtained for bulk GaAs [4.3], At higher energies, around 1.72 eV, a second set of less 
well-defined FKO were observed.
4.3.1 PR field conditions
The correct interpretation of the FKO requires knowledge of the relationship between the period 
of the FKO and the field conditions, i.e. high or low field, within the sample during the 
experiment. The exact nature of the field responsible for the FKO is not fully understood. Aspnes 
electroreflectance (ER) theory [4.2] indicates that FKO should appear only in the presence of high 
modulating ac applied electric fields. However, this is based on modulation from flat-band 
conditions and does not take into consideration the possibility of the presence of large dc built-in 
fields at the interface between layers. In addition, these spectra satisfy his rule-of-thumb for 
low-field PR spectra where AR/R ~ 10*4 [4.2].
Bhattacharya et al [4.4] have shown that low field PR spectra can produce FKO provided a high 
built-in field exists near the semiconductor surface. Other authors [4.5] have reported that FKO 
are directly related to the strongest electric field IT in the structure. In PR, the dc field, &dc, near 
the sample surface is modulated by an amount -&ac since the photoinjected electron-hole pairs 
reduce the built-in dc field. If | %/ac | «  j %dc | in the PR experiments, the FKO should originate 
due to %dc, the strongest field. This condition is sometimes known as the low field Franz-keldysh 
criterion (LFFK) [4.6].
The LFFK criterion was verified experimentally by investigating the dependence of the amplitude 
of the PR signal on the modulated pump beam power, and thus effectively the change in &ac. As 
discussed in chapter two, it was found unnecessary to normalise each spectrum by R, as it had no 
significant effect on the lineshape. The variation of the amplitude of AR for structure 0.2/50 in 
the spectral region of the FKO near 1.42 eV, as the pump power was varied is shown in Figure 
4.3. No change in the lineshape or period of the FKO, which is a measure of ^  was observed.
4.3 Etching analysis o f  structure 0.2/50
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Bhattacharya et al [4.7] suggest that PR lineshapes are independent of the modulated pump power 
density when | %ac \ «  | %dc | . The present results were consistent with this interpretation and 
showed that the FKO are a measure of the built-in field Ac rather than %ac.
To confirm that the spectra were within the low field regime, the peak-to-peak amplitudes of AR 
between points B and C in Figure 4.3 were measured as a function of pump power density P (in 
mW mm'2).
Early studies by Shay [4.8] have shown that the PR signal amplitude at high power is proportional 
to P, whereas at low power it varies as:
AR oc pi/« (4.1)
where the integer n was found to be 3. The results obtained here showed that AR is a non-linear 
function of P and a fit of Equation 4.1 to these data gave n = 5. However, Equation 4.1 indicates 
that a plot of ln(AR) versus ln(P) should yield a straight line of slope 1/n. This was not found 
which suggests that Shay’s root relationship was not applicable for these experiments.
Alternatively, these observations were interpreted using the approach by Kanata for low field 
spectra [4.9,4.10] which argues that the relationship between P, the modulated surface potential, 
V, and the field, ^  is:
In (P) ocy oc^ T2 (4.2)
Since AR/R °c in the low field region [4.2], this indicates that the PR signal amplitude is 
proportional to ln(P). Figure 4.4 confirms that the present structure was consistent with this 
situation and that the PR spectra were in the low field regime.
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Aspnes ER theory [4.2] has shown that a quantum mechanical particle of mass py, accelerated in 
an electric field of amplitude ^  has a characteristic electro-optic energy, tiO, given by:
4.3.2 Analysis o f the FKO
e
8H,
1 / 3
(4.3)
In a semiconductor ji| is the interband reduced mass in the direction of Measuring py in units 
of the free electron mass, m0, and IiO in meV, Equation 4.3 was rearranged to give £Yn kV/cm 
from 3.24 pfi1/2(MI)3/2.
For the FKO near 1.42 eV, py relates to transitions from the heavy-hole valence band in GaAs and 
is given by py = 0.055 mQ [4.6,4.11]. Assuming the same conditions hold for the FKO near the 
barrier energies, the reduced mass in Al02Ga0 gAs is given by py = 0.067 mQ, according to 
published data for the effective mass of the electron [4.12] and the heavy-hole [4.13].
The AR/R lineshape for FKO exhibited roughly exponentially-decaying oscillations at energies 
above the bandedge transition energy Eg, the period of which decreased as photon energy E 
increased above Eg. Aspnes and Studna [4.14] have given the following expression for the 
oscillatory component of the FKO in the asymptotic region E > E for 3d critical points.
A R 
~R exp
T(E-Eg)1/2
3 / 2
COS E~EgW
1 3 / 2
+ <j) (4.4)
where A and (j) are arbitrary amplitude and phase factors, respectively. The phenomenological 
broadening parameter T is important in defining the decay envelope of the oscillatory term whose 
period is related to liQ.
For the analysis of the magnitude of the built-in field associated with these FKO, Equation 4.4 was 
simplified to:
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2 E~Eg
3/2 (4.5)Ar
~R~
o= COS
V 3" i n
+ §
y
According to Equation 4.5 extrema occur in the AR/R FKO at energies Ej given by:
(4.6)
where j is the index of the extrema. The j = 0 solution occurs only if (j) < 0. Equation 4.5 is 
used in practice in two different ways to produce linear plots which, give TiQ from the slope and 
hence the electrostatic field.
The first type of FKO extremum plot, which was referred here to as the ’Fj-plot’, assumes Eg is 
unknown and uses Equation 4.6 to write:
The electro-optic energy, hQ, is then equal to the slope of a linear plot of Ej versus Fj. An 
advantage of this method is that Eg is not required but rather it is given by the intercept of the 
Fj-plot. However, it is necessary to assume a value for the phase factor (j). Aspnes and Studna
[4.14] indicate that ([) depends on d, the critical-point dimensionality, where <|) = -7t(d-l)/4. For 
example, Sydor et al [4.3], use this expression with d = 3 to set <)) = tc/2 in their study of the 
FKO in SI GaAs. The extrema in Equation 4.8 are then given by the sequence Fj = 1.77, 3.68, 
5.18 .... However, (|) also depends on electron-hole interaction strength and short-range scattering 
processes [4.14] so that there may be considerable doubt about the appropriate choice of value for 
(j> needed for an Fj-plot. A second limitation of this method lies in the uncertainty of assigning 
correct values of j to the experimental FKO extrema. Consequently, if there is doubt about the 
assignment of either j or <(> in the experiment, it can lead to incorrect calculated field and Eg values 
from the Fj-plot.
E. = (F.) + Eg (4.7)
where:
F j  = (jrc  "  <j>)
2 / 3 (4.8)
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The second FKO extremum plot method, known here as the ’j-plot’, relies on prior knowledge of 
the bandedge energy gap Eg. Equation 4.6 can be re-arranged to give [4.14]:
[E,-  Eg] 3/2 = ( -  <i> ) (4.9)
Hence, a plot of (Ej-Eg)3/2 versus extremum index j gives a straight line of slope m and intercept 
c, so TO ~ (m2/3/2.81) and <j> = -tc c/m. While this method requires Eg to be known, it has the 
advantage that even an incorrect assignment of the index j will not affect the slope of the graph, 
and hence the calculated field value.
With both the Fj- and j-plots it is often necessary to make a judicious choice as to which extrema 
to include in the linear fit. Those extrema just above Eg may be too close to Eg for the asymptotic 
expression, Equation 4.5, to be applicable, while those at energies far from Eg may be too weak 
or overlap with other PR features, making their positions difficult to determine unambiguously.
In this study, both FKO plot methods were used. The FKO of structure 0.2/50 in the region of 
1.42 eV in Figure 4.2 was first considered. Using the Fj-plot, TO and Eg were estimated using 
the extrema labelled sequentially B-H in Figure 4.3. A three-dimensional critical-point for GaAs, 
as used by Sydor et al [4.3], was assumed so that (j) = 90°. Although Eg has not yet been 
determined here, it was thought to be near the nominal room temperature bandedge value for GaAs 
of 1.424 eV. Extremum B at 1.432 eV, being the first above Eg has j = 1 and Fj = 1.77. As can 
be seen from Figure 4.5, a rather poor linear behaviour was obtained. The intercept yields an Eg 
of 1.414 eV, which was lower than the expected 1.424 eV. The slope of the graph using Equation
4.3 gave an electric field of 29 kV/cm. The j-plot was also used, assuming an Eg equal to the bulk 
GaAs bandgap of 1.424 eV and it yielded a field value of 26 kV/cm and phase factor of (J) = 136°, 
as can be seen in Figure 4.9(a).
The origin of the FKO were next considered. Those oscillations near 1.72 eV were clearly due 
to the AlGaAs barrier material while the FKO near 1.42 eV must arise from the GaAs in the 
structure. Confinement effects in the GaAs QW mean that the well layer was unlikely to produce 
the latter oscillations since, in contrast to bulk structures, the effective mass of particles in fields 
parallel to the growth direction is effectively infinite. Equation 4.3 then implies that TO = 0 and 
that no oscillations are observable. Consequently, there are only two locations in the sample
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which could be the source of the lower-energy FKO - the surface (i.e. 50 A GaAs cap), or the 
GaAs substrate.
4.3.3 Etching results
Four samples of structure 0.2/50 were etched in a solution consisting of 1(H2S04): 2(H20 2): 
200(H20) by volume. The etchant was gently stirred for 30 min to enable it to reach room 
temperature and to ensure that it was completely mixed. The etching was carried out by 
immersing the samples in the etchant for the required time, after which the etching process was 
terminated by rinsing the sample in de-ionised water and drying it in a gentle flow of dry nitrogen. 
This produced an etch rate of about 5 A/s at room temperature, which was determined by 
measuring the height of the step between the etched and protected regions using a Talystep step 
height instrument.
The four samples were etched separately for times of 30 s, 3, 6 and 9 min which, from Talystep 
measurements, corresponded to etch depths of 100 ± 20 A, 1100 ± 75 A, 2100 ± 100 A and 
2800 ± 100 A respectively. These represented the removal of the GaAs cap, the upper barrier 
layer and QW, the lower barrier layer and all of the grown layers leaving the substrate exposed 
respectively. The corresponding etch rates were therefore 3.3, 6.1, 5.8 and 5.2 A/s, respectively, 
with an average of 5.1 A/s.
The initial etch rate for the first sample was the lowest, and was thought to be due to the native 
oxide layer on the sample surface [4.15]. As the thickness of this oxide layer was not known, this 
particular sample was etched for further intervals of 30 s, corresponding to 60, 90 and 120 s. 
Assuming an etch rate as given by the average from the Talystep measurements, these subsequent 
etches corresponded roughly to depths of respectively 310 A, 460 A and 610 A. The 120 s etch 
ensured the removal of any oxide layer, as well as the GaAs cap and probably a significant 
fraction of the upper AlGaAs barrier layer.
4.3.4 AR spectra for 30, 60, 90 and 120 s etches
The AR spectrum of this sample in the region of the GaAs transition energy is shown in Figure 
4.6(a) for the as-grown sample and after etching for 30, 60, 90 and 120 s. The FKO remained 
after etching for 120 s which demonstrated that they cannot originate from the cap layer. This was
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expected since the cap is too thin for the acceleration of carriers necessary for FKO to appear. 
Hence, the FKO in the region of the GaAs transition energy can only originate in the substrate.
As can be seen in Figure 4.6(a), it appeared that the profile of the FKO in these spectra changed 
and shifted to higher energies. This change was particularly noticeable in the energy region 1.35 
to 1.49 eV where shifts in the FKO extrema of approximately + 5 meV occurred for each 30 s 
etch. However, after etching for 120 s it became apparent that an approximately inverted spectral 
lineshape had been produced. From this, it was concluded that the lineshape changes were due 
to phase changes, i.e. optical interference between different reflected rays, and not energy shifts. 
Similar optical interference effects, including phase inversion, can be seen in Figure 4.6(b) for the 
FKO near the energy region associated with the AlGaAs. These phase changes or shifts can be 
explained by changes in the optical path length of the probe beam as it propagates through 
material whose thickness is reduced as the sample is etched.
Klipstein and co-workers [4.16,4.17] developed a model to interpret lineshape changes in ER 
spectra from AlGaAs/GaAs SQW and MQW structures due to optical interference effects between 
rays reflected principally from the semiconductor/air interface and from the QWs. They give 
simple rules for the interpretation of optical interference effects in QWs. In particular, the 
lineshape becomes inverted, i.e. A<|) = tc, when the overlayer thickness changes by a quarter of the 
wavelength of the incident light. Here, the phase, <j), is approximately reversed with 
respect to the as-grown sample for the 120 s etch near 1.45 eV, see Figure 4.6(a). Applying this 
rule for normally-incident light would give an overlayer thickness change in Al^Ga^As of about 
614 A, using a refractive index of ~ 3.48 at this energy [4.18]. This corresponded to an etch rate 
of about 5 A/s which was in good agreement with the average etch rate obtained from the original 
Talystep measurements. Consequently, the phase changes present in the PR spectra were analysed 
in terms of similar optical interference effects as follows.
4.3.5 Analysis o f the phase shifts
The phase shifts, A<|>, associated with the GaAs substrate in Figure 4.6(a) and the AlGaAs barrier 
in Figure 4.6(b) have been calculated here by applying the FKO j-plot which has allowed the 
thickness of the etched layers to be determined.
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The phase changes associated with the GaAs substrate were determined by applying the FKO 
j-plot method to the extrema j = 1-7, in Figure 4.6(a). This was done for the four etched samples, 
taking the same Eg of 1.424 eV, as was assumed for the as-grown case. Each j-plot gave 
approximately the same slope and hence field value, 26.1 ± 0.5 kV/cm, as was found for the 
unetched sample. However, the intercept, and hence phase factor, changed from 136° for the 
unetched sample to 101°, 73°, 28°, and -28° for the 30, 60, 90 and 120 s etches, respectively. The 
phase shifts, A<|), with respect to the as-grown case were therefore approximately -35°, -64°, -108° 
and -165° for the four successive etches.
The j-plot method was also be applied to the FKO near the barrier transition energies shown in 
Figure 4.6(b). Here, Eg of 1.721 eV appropriate to bulk Al^Ga^As at room temperature [4.2] 
was assumed. The j-plots for the etched and as-grown samples are shown in Figure 4.7. Again 
the j-plot slope, and thus the field value, were found not to change significantly compared to the 
as-grown case, having a value of 21.9 ± 0.4 kV/cm. This value was smaller than that for the 
lower-energy FKO and is discussed later. However, as with the FKO at lower energies, the j-plot 
intercepts showed that A<|) with respect to the as-grown case were approximately -21°, -79°, -128° 
and -180° for the 30, 60, 90 and 120 s etches, respectively. These results showed that it was not 
possible to assume a value for <j) in Equation 4.8, which is based solely on the critical-point 
dimensionality. This may indicate why an incorrect value was obtained for Eg from Figure 4.5. 
Consequently, the Fj-plot method cannot be reliably applied in the present case and was therefore 
not considered again.
The optical interference rules of Klipstein et al [4.16,4.17] were interpreted very simply as follows. 
If the effective overlayer thickness changes by an amount At due to etching, the change in phase 
delay, i.e. A(j), between a ray reflected from the surface and one reflected from a deeper, abrupt, 
interface is given by:
A(j) = 4k n A t  c o s 0 r /  X (4.10)
where X is the wavelength of the incident probe light, n is the refractive index of the effective 
overlayer and 0r is the angle of refraction at the surface, as given by Snell’s law from the angle 
of incidence, which was 52° in this experiment. Reflections from all other interfaces, including 
multiple reflections, are ignored. Clearly from Equation 4.10, A<j> = tc when nAt = A/4 and 0r = 0.
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Assuming the overlayer is predominantly bulk Al0 2Ga0 8As, the experimentally determined A(j) in 
Figure 4.6(a) can be used to approximate At at 1.45 eV from Equation 4.10. The At values 
obtained were 120 A, 224 A, 378 A and 578 A for the 30, 60, 90 and 120 s etches, respectively. 
Similarly, At of 61 A, 228 A, 370 A and 520 A for the 30, 60, 90 and 120 s etches respectively, 
were obtained at 1.746 eV using a refractive index of ~ 3.55 [4.18] from A<(> in Figure 4.6(b). 
These etch depths were reasonably consistent with those determined and inferred form the Talystep 
measurements.
Given the simplicity of the above calculations, these results were surprisingly good. However, 
more accurate phase changes for these PR spectra were obtained using a novel Kramers-Kronig 
approach and resulted in an average etch rate of 4.6 A/s. Full details of this calculation can be 
found in Reference 4.19.
4.3.6 AR spectra fo r  the 3, 6 and 9 min etches
Figures 4.8(a) and 4.8(b) show a comparison between the as-grown spectra and those of the 3, 6 
and 9 min etches in the regions of 1.42 and 1.72 eV, respectively.
A comparison of the AR spectrum of the as-grown sample in the region of 1.5 eV, with that after 
etching for 3 min, see Figure 4.8(a), suggested that the features labelled E-G in the as-grown 
structure had disappeared. Since the removal of the top 1100 A includes both the cap, the upper 
barrier and the well layer itself, this suggested that these signals originated from transitions in the 
SQW. However, the FKO were still present and this was a strong confirmation of the conclusion 
that they originated from the built-in field associated with the GaAs substrate alone. Figure 4.8(b) 
shows that the FKO near the AlGaAs barrier energies also remained. The period of both FKO 
were now larger, which implied an increase in the field.
The AR spectrum for the 6 min etch, Figure 4.8(b), showed a much weaker and broader AlGaAs 
feature, demonstrating that almost all of the final barrier layer was removed. This was consistent 
with the Talystep measurement, which gave an etch depth of 2100 A. The FKO still remained 
near both 1.42 and 1.72 eV, although their period was much greater and they extended over a 
much larger energy range (i.e. an increasing FKO period), which implied a large increase in field.
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The fact that the field increased with etch depth implied that, up to the removal of the QW, the 
strong oscillatory behaviour of the underlying layers, specifically the SI GaAs, has been masked 
from any surface field effects.
After the removal of 2800 A, corresponding to the 9 min etch, no AR signal from any Al0 2Gao 8As 
was found, as shown in Figure 4.8(b). In addition, Figures 4.8(a) and 4.8(b) showed no FKO 
features and only a weak signal representing the SI substrate was observed. Although at first 
glance, this result is perhaps surprising, it can be explained by comparison to the work of Sydor 
et al [4.3] on SI GaAs substrates. They demonstrated that the PR spectrum of bare SI GaAs 
substrate had a PR feature at approximately 1.424 eV while, after the growth of a 1800A layer 
Al0jGao ?As by MBE on this substrate, the spectrum contained strong well-defined FKO above 
this energy.
The present substrate spectrum was fitted with the TDFF lineshape [4.2], to give an Eg for GaAs 
of 1.421 eV. This was lower than the accepted value of 1.424 eV by about 3 meV and was 
attributed to the room temperature exciton binding energy. For this reason Peters et al [4.20] 
suggest, that it is better to designate the energy obtained from a TDFF as the critical-point energy, 
Ecp, rather than the bandedge energy Eg.
The present bare GaAs substrate spectrum agreed well with that reported in Reference 4.3, 
including the fact that Eg was slightly below the accepted value. The disappearance of the FKO 
can be explained by the change in surface potential at the GaAs substrate. By definition, FKO 
occur only when a field is present to accelerate the carriers. Therefore, it is concluded, that the 
FKO were due to a built-in field at the interface between the lower AlGaAs barrier and the 
underlying substrate. This interpretation is consistent with the results of Tober et al [4.21] who 
found that FKO in AlGaAs/GaAs MQWs disappeared once the substrate was removed by etching. 
For our experiments, the removal of the final AlGaAs layer produced an approximately flat-band 
condition at the surface of the bare substrate and indicates why no oscillations were observed.
The fact that Ecp was known more precisely meant that it was used in place of Eg in Equation 4.9, 
for the j-plot calculation of fiQ, and hence %dc, for the substrate FKO, although this change, had 
very little effect on the field values already obtained for the 30-120 s samples. The FKO of the 
samples etched for 3 and 6 min, produced excellent straight-line fits, although the j = 1 extrema 
close to Ecp showed slight deviations, as can be seen in Figure 4.9(a). This may be attributed to
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the inaccuracy of the asymptotic expression, Equation 4.5, near the critical-point energy. 
Excluding this extremum gives field values of 42 kV/cm and 106 kV/cm for the samples etched 
for 3 and 6 min, respectively. The j-plots for the barrier FKO, using Eg = 1.721 eV are given in 
Figure 4.9(b). These give field values of 27 and 145 kV/cm for the 3 and 6 min etches, 
respectively. The results for all the FKO j-plots are summarised in Table 4.2.
From Table 4.2, the as-grown sample, %’s is slightly larger than ^b. Both fields increased with etch 
depth, but &b did so more rapidly and exceeded ^  when only a thin layer of AlGaAs remained 
on the GaAs substrate.
This behaviour was interpreted as follows. The fact that ^  and remained nearly constant and 
approximately equal during the shallow etching implied that the strong oscillatory behaviour for 
the AlGaAs and GaAs both originated from deep in the sample, near the barrier/substrate interface, 
and that this region was buffered by the intervening overlayers from any effects of band-bending 
at the surface. The fact that the lineshape of the AlGaAs PR did not change after a large portion 
of the upper barrier was etched away implied that this layer produced no significant contribution 
to the FKO. For the deeper etches the buffering effect was reduced, particularly once the QW was 
removed, and the observed dc fields increased. This implied that the field at the surface, which 
was now relatively closer, had an increasing influence on the field at the barrier/substrate interface. 
For the etch in which a small amount of the final barrier material was left covering the substrate, 
the field observed for the barrier material, exceeded that for the substrate, 8?s. Here, a 
significant proportion of the PR signal from the AlGaAs originated from the surface, where 
band-bending was now greater than in the substrate.
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4.4 Modelling & analysis of PR spectra of the four SQW structures
Chapter 4
The above analysis of structure 0.2/50 enabled the modelling and analysis of the PR spectra of the 
four SQW structures, which is described as follows.
4.4.1 PR lineshape analysis
In section 4.3.2, it was shown that the PR lineshape of FKO exhibited roughly exponentially 
decaying oscillations above the critical-point transition energy, Ecp = Eg which from the etching 
analysis was 1.421 eV. The range of validity of Equation 4.4 above Ecp is given by the inequality
[4.14]:
[ ( E - E cp) 2 + T 2 ]1/a 2: 3 . 5 M 1  <4-n )
At energies below that given by this condition, Equation 4.4 becomes increasingly inaccurate and 
yields AR/R values that are too large (it is singular at E = Ecp) and Equation 4.4 cannot be used 
with confidence close to Ecp. Fortunately, as is shown below, the features of main concern here, 
the SQW transitions, mostly lie sufficiently far above Ecp for the asymptotic approximation to be 
valid.
The PR features of SQWs are commonly modelled using Aspnes’ TDFF [4.2]:
AR
"IT
C e id
( A + iT )n J
C cos [ 0 + n(A -  iT)]
( a 2 + r 2 f 1
(4.12)
where C is an amplitude factor, 0 a phase factor, A (= E - Eg) is the energy co-ordinate relative 
to the QW transition energy Eg, and T the lifetime broadening. The exponent n is determined by 
the nature of the system studied: n = 2.5 for a 3d critical-point; n = 3 for a 2d point; and n = 2 
for excitons. For excitons, Equation 4.12 arises from first- rather than third-derivative processes
[4.2], although in QWs the lineshape is thought to be more accurately described by a TDFF with 
n = 3 [4.22]. Accordingly, n = 3 was assumed to be appropriate in the fitting of the PR features 
of the present SQW. The ’intensity’ and half-width at half-maximum (HWHM) of a TDFF may 
be defined from Equation 4.12 with the cosine term set equal to unity. This represents the
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modulus spectrum [4.14] and, in the present case, the intensity and HWHM are given by C/T3 and 
0.7661", respectively. The model adopted for the fitting of the PR spectra consisted of a single 
asymptotic FKO term, Equation 4.4, together with the sum of an appropriate number of TDFFs, 
Equation 4.12, with n = 3. An additive background term was included in order to describe any 
underlying non-zero baseline in the spectra.
4.4.2 Modelling o f transitions in the SQW structures
The theoretical model by Li et al [4.23] which was outlined in chapter three, was used to identify 
the observed PR features of the SQWs. Due to boundary conditions, which affect the nodal 
properties of wavefunctions at the well/barrier interface, transitions between electron levels and 
hole levels obey the selection rule for AG -  m - n, where m and n are the subband indices of the 
conduction and valence bands, respectively. In the ideal case of an infinitely deep rectangular 
QW, the selection rule is AH. = 0; only these transitions are allowed because the wavefunctions of 
all other transitions are purely orthogonal. However, for a real QW which has a finite depth and 
may contain graded well/barrier interfaces, the boundary conditions, and thus the orthogonality of 
the wavefunctions, are relaxed resulting in a modified selection rule where, in addition to the 
’allowed’ AG = 0 transitions, those transitions with AG = even are also allowed. In certain 
circumstances these selection rules may be violated with the result that AG = odd ’forbidden’ 
transitions become allowed and may be observed in the PR spectra. For reference, the notation 
Hnm and Lnm represents transitions from the nth electron state of the conduction band to the mm 
valence band state of heavy hole, H, and light hole, L, character. Similarly, transitions involving 
AG = 0 and even, and AG = odd were referred to below as ’allowed’ and ’forbidden’ transitions 
respectively.
Subband energy levels of QW transitions are sensitive to band structure parameters including band 
offset, carrier effective mass, compositional dependence of the bandgap energy and exciton binding 
energy. PR characterisation of GaAs/AlGaAs MQWs grown in specific crystallographic directions 
has shown that the conduction band discontinuity, or band offset, Qc is 0.55 for AlGaAs/GaAs 
heterojunctions grown in the [111] direction while Qc is 0.65 for growth in the [100] direction 
[4.24]. Consequently, the latter value was appropriate for the present study, while the effect of 
variations of +0.05 in Qc were also considered.
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The room temperature effective mass values in AlxGa1_xAs, for both the electron and light-holes 
at the T point of the Brillouin zone used here are given by [4.12]:
ml (x) = ( 0 .0632 + 0.0856 x  + 0 .0231 x 2 ) m0 (4-13)
ml (x) = ( 0 .088 + 0.372 x  + 0.0163 x 2 ) m0 (4-14)
For the heavy-hole effective mass a suitable room temperature relationship was not available and 
the low-temperature linear expression of Adachi [4.13] was used:
ml (x) = ( 0.33 + 0 .18 x  ) mQ (4.15)
The variation with x for the room-temperature bandgap Eg(AIxGa!_xAs) was taken from the 
formula of Aspnes et al [4.1]:
Eg (x)= 1 .421  + 1 . 594x  + x ( l ~ x )  ( 0 . 1 2 7 - 1 . 31x)  (4.16)
where, in accordance with the etching study the bandgap energy of bulk GaAs of 1.424 eV has 
been replaced here with 1.421 eV.
It is known for the MOVPE growth process that any deviation of the Al mole fraction, x, of the 
barrier layers for these structures is less than ±1% of x. In addition, variations in well widths on 
a monolayer scale are possible.
The exciton binding energy, Eb, of the ground state Hn and Ln transitions for the four QW 
structures as a function of Lz, assuming Qc = 0.65 were calculated using the model by Li et al 
[4.23] and are given in Table 4.3 to the nearest integer. The significance of well width variations 
of 55 ± 5 A and 110 ± 5 A are explained in the next section. Exciton binding energies for higher 
order transitions have also been taken into account. The values, listed in Table 4.4, have been 
inferred from other studies [4.24]. The higher order binding energies for the heavy- and 
light-holes were taken to be equal, for a given subband index m,n.
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Table 4.3
Table 4.4
Exciton binding energies calculated from the model of Li et al [4.23], for the Hn and Ln 
transitions as a function of well thickness.
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Sam ple
(x /L z)
T ra n s itio n E xc ito n  B in d in g  Energ ies (m e V )
Lz = 55 ± 5 A L z =  110 ±5 A
0.2/50
» U 8 -
L11 9 -
0.2/100
H11 - 7
L11 - 7
0.3/50
H11 8 -
L11 9 -
0.3/100
H n - 7
L n - 8
Exciton binding energies for higher order transitions inferred from other studies [4.24].
T ra n s itio n E xc ito n  B in d in g  Energ ies (m e V )
L z =  55  +  5 A L z =  110 +  5 A
h .l 12 7 6
h ,l 13 7 6
h ,l 15 - 3
h ,l 21 6 5
h ,l 22 6 5
h .l 24 - 3
h ,l 31 3 2
h ,l 33 - 2
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4.4.3 Results and discussion of fitting analysis
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All parameters were allowed to vary without artificial constraint, apart from Ecp which was fixed 
at 1.421 eV. Prior to fitting, initial parameter estimates for the TDFFs, were obtained using the 
techniques described in References [4.25] and [4.26]. The fits were performed over an appropriate 
energy range lying between the main GaAs and Al+a^As features. However, in view of the 
approximation used for the FKO lineshape, Equation 4.4, the lower limit of the fit was chosen to 
be as far above Ecp as possible, while still including the ground state Hn transition. An example 
of a fitted spectrum for the structure 0.3/100 is given in Figure 4.10, which also shows the profiles 
of the individual TDFF and FKO oscillator components of the fit.
The fits for the other three structures are shown in Figure 4.11. The positions of the fitted values 
of Eg are indicated by vertical lines, the length of which equals the intensity C/F3 of the 
corresponding TDFF. At the same positions the lengths of the horizontal lines represent the 
FWHM of the fitted oscillators. Simulations of the effect of the variation in the TDFF positions 
showed that the Eg values obtained in the fits had an estimated accuracy of +HWHM/8. The Eg 
values obtained are discussed below in more detail.
The strong Hn and Ln transitions were particularly well described in all fits. The lineshape 
broadening factors of these transitions were very similar in the four structures, with typical 
HWHM values in the range 5-9 meV, while the TDFFs associated with the higher order transitions 
were generally broader with typical HWHM values in the range 10-20 meV, as shown in Figure 
4.10.
The profiles of the FKO components of the fits in Figure 4.11 were similar to the example shown 
in Figure 4.10. The fitted parameters of the FKO components are summarised in Table 4.5 for 
the four structures. Although the resulting substrate field values ^  were very similar in all four 
cases, indicating a similar period of the FKO components of the fits, there was a close 
correspondence between ^  for the two 50 A SQW samples (31.7 ± 0.4 kV/cm) and for the two 
100 A samples (37.6 ± 0.3 kV/cm).
Table 4.5 also gives (E - Ecp)lmin which indicates the lower limit of the fitted spectral region. 
From this value, and the fitted values of fiO and T, it is possible to check the validity of condition 
(4). Equation 4.4 may be applied with confidence for [(E - Ecp)2 + F2]1/2 >-42 meV for
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structures 0.2/50 and 0.3/50 and > ~47 meV for structures 0.2/100 and 0.3/100. This condition 
was well satisfied in the fits for structures 0.3/50 and 0.2/50, where the spectra were fitted above 
1.471 and 1.457 eV, respectively. The condition was also satisfied reasonably well for structure 
0.3/100, where the spectrum was fitted above 1.447 eV; there was a range of only ~8 meV at the 
lower end of the fit where inequality of Equation 4.11 failed. However, the PR spectrum of 
structure 0.2/100 had to be fitted from the rather low energy of 1.438 eV, in order to include the 
Hn and Ln transitions, giving a value for the left-hand side of inequality 4.11 of -20 meV. 
Hence, the validity condition apparently failed over the lower -27 meV of the fit. In this region 
the approximation decayed too quickly in comparison to the exact form [4.27]. The spectrum was 
most intense in this region so that the fitting algorithm tended to give this signal more weight than 
the weaker signals at higher energies. One might expect that this would lead to an artificial 
lowering of the T of Equation 4.5 as the algorithm attempted to achieve the better fit at low 
energies. This may indicate why the fitted T value of 9.8 meV for structure 0.2/100 is smaller 
(indicating a weaker decay of the FKO) than for the other samples, which have a T value of 
29 + 1 meV. Consequently, although the asymptotic FKO decay parameter is phenomenological 
in nature, some doubt was cast on the validity of the T value obtained for structure 0.2/100 in 
comparison to that of the other structures. Fortunately, the SQW transition energies obtained from 
the fit for this sample, particularly those of Hu and Ln, were not seriously affected by the region 
of failure of inequality 4.11 as the comparison with the model calculations for the SQW was 
favourable.
Table 4.5 Results from the fitting for the FKO parameters of the four structures. (E - Ecp)lmin
represents the lower limit of the energy range of the fit.
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Sample
(x/L2) (meV)
r
(kV/cm)
r
(meV)
(E ’ Ecp^inin 
(meV)
0.2/50 11.9 31.3 30.4 36
0.2/100 13.5 37.9 9.8 17
0.3/50 12.1 32.0 28.2 50
0.3/100 13.4 37.3 28.4 26
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The field value obtained for ^  in the etching study of structure 0.2/50 was lower than that of the 
present calculations. Therefore, it is suggested that the PR spectra in Figure 4.6(a) contained 
features due to both the QW and the FKO. Despite the near coincidence of the FKO extrema and 
those due to the QW transitions, this casts doubt upon the ability of the simple linear FKO-plot 
techniques to yield tiQ accurately and may indicate why the field values obtained by the FKO-plot 
techniques were different from those of the lineshape analysis. A linear FKO fit to a reduced set 
of extrema in which the QW features E-H were excluded would leave too few points to obtain 
reliable results. However, it is believed that the FKO associated with the barrier do not overlap 
with other features and that the field value obtained here, 21.9 kV/cm, is more reliable.
4.4.4 Comparison of results of SQW model with fitting analysis
The material parameters described in section 4.4.2 were used to calculate the transition energies 
for all four SQW structures. It was assumed that all the observed PR SQW transitions were of 
an excitonic nature. Consequently, the binding energies given Tables 4.3 and 4.4 have also been 
included in these calculations. In order to achieve a good match between the theoretical and 
experimental transition energies, the effects of realistic experimental variations in several of the 
QW parameters were calculated, including those due to the degree of control of the growth 
process.
Varying the aluminium mole fraction, x, of the barrier layers by ±1% of x, was found to have a 
negligible effect on the calculated transition energies, < ±2 meV for all transitions. In an attempt 
to determine the correct value of band offset, a variation of + 0.05 in 0.65 for Qc was also 
investigated. The results showed that the lower order transitions in all the structures were 
relatively insensitive to this Qc variation, while the higher order transition energies were found to 
be more sensitive to these changes. For the lower order transitions, this can be explained by the 
fact that when Qg was increased, the increase in confinement energy of the electron level was 
compensated by a corresponding decrease in confinement energy of the hole level. For higher 
order transitions this explanation is no longer sufficient as other effects, such as band non- 
parabolicity, need to be considered.
In contrast, changes in the calculated transition energies due acceptable variations in Lz were much 
larger for the lower order transitions. For this reason, Qc and x were initially fixed at 0.65 and 
0.2 or 0.3, as appropriate, and Lz was varied in the model until a reasonable agreement was
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obtained between the experimental and theoretical transition energy values. The effects of the 
variation of Lz are demonstrated in Figure 4.12, which shows comparisons of the calculated 
transitions for the SQW with the experimental values for all four structures in the energy region
1.4 - 1.8 eV, as a function of Lz, for variations near the nominal well thickness.
Considering first the calculated ’allowed’ transitions Hmn and Lmn for the as-grown SQW 
structures, the strongest (Afi = 0) transitions and the weaker (AC = even) transitions are shown in 
Figure 4.12. In addition, the change in calculated transition energy, due the above variations in 
Qc is also shown. These variations became significant, mainly for the higher order transitions and 
particularly in the narrow well structures. For the purpose of this study this variation in Qc was 
insignificant, especially with regard to the ground state transitions.
The variation of the exciton transition energy with Lz which is given in Figure 4.12, showed that 
Lz has to be increased by approximately +10% from the nominal 50 A and 100 A values to 
achieve a good match between the theoretical and experimental transition energies for the ground 
state transitions. The well widths obtained from this comparison are: 56.5 + 0.5 A; 108 + 1 A;
57.3 + 0.5 A; 112+ 2 A for the samples 0.3/50; 0.3/100; 0.2/50 and 0.2/100, respectively. 
Furthermore, the observed and calculated values for the Hn-Ln energy splitting were in good 
agreement. The reason for the discrepancy in well widths was that each pair of structures had 
GaAs well-thicknesses of 50 A and 100 A which were determined by PL from a calibration curve 
based on the model by Stevens et al [4.28]. However, since this model used a simplified 
expression for the compositional dependence of the AlxGaj.xAs bandgap and different material 
parameters were used to analyse the spectra here, it resulted in different as-grown well widths.
The present fitted experimental Hn transition energies were verified from the low temperature 
(4.2 K) PL experimental measurements given in Table 4.1 by extrapolation of these values to room 
temperature (298 K) using the Varshni relationship, described in chapter two, for the temperature 
dependence of the bandgap energy [4.29] for data given by Thurmond [4.30]. This relationship 
gives a reduction in bandgap energy of 95.6 meV between 4.2 K and 298 K. This value is 
subtracted from the low temperature PL Hn transition energies in Table 4.1 which shows that the 
extrapolated PL energies agree extremely well with the values obtained from the present analysis 
of the PR spectra.
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For the higher order transitions, where m and n are both greater than unity, Figure 4.12 shows 
that there was a good overall agreement between the transition energies obtained from the fits to 
the PR spectra and those calculated using the model. The predicted energies of the ’allowed’ 
(AG = 0) transitions were, in most cases, readily accounted for by the experimental results. The 
relative experimental oscillator strengths for these transitions also compared favourably with the 
relative probabilities predicted by the model. The wider wells provided a good demonstration of 
quantum confinement behaviour; the number of ’allowed’ transitions increased with increase in 
well width, with five transitions identified for the wider wells.
Weaker ’allowed’ (AC = even) transitions, such as H24, have also been identified in the PR spectra 
and the corresponding theoretical Lmn and Hmn transition energies are given in Figures 4.12(b~d). 
However, a careful comparison of the calculated values of these higher order transition energies 
with the values determined from experimental measurements revealed that their energies, in 
particular those of the stronger ’allowed’ (AC = 0) transitions, correspond to wells which are ~5 A 
wider in comparison to the Lz values obtained from the ground state energies. This was attributed 
to monolayer well width fluctuations at each of the well/barrier interfaces. Quantum wells may 
be considered to be truly rectangular only if the heterojunction interfaces are perfectly abrupt, 
which is not realistic for practical QW structures grown by either MOVPE [4.31] or MBE [4.32]. 
In reality, the composition will change gradually between that of the well and that of the barrier 
and a thickness of at least one atomic layer (i.e. 2.83 A) for this graded interface is realistic. 
Consequently, a non-uniform well width caused by interface roughness on a monolayer scale 
results. The model used here has shown that a variation by about one monolayer per interface 
would be sufficient to affect the higher order transition energy levels of the QW and may explain 
why the ’allowed’ (AG = 0) high order transitions imply wider wells than that suggested by the 
ground state energies.
In the narrow well structures, there were a number of clearly observed transitions from the fitting 
of the PR spectra which remain unidentified. In order to obtain agreement with theory in these 
cases, it was found necessary to include some ’forbidden’ (AG = odd) transitions, which are shown 
in Figures 4.12(a,c). In structure 0.3/50, for example, only two ’allowed’ higher order transitions, 
H22 and H13, were predicted from the SQW model. However, two other transitions, comparable 
in magnitude to H13, were evident at 1.583 and 1.707 eV in the PR spectrum (see Figure 4.11), 
and were assigned to the H12 and L21 ’forbidden’ transitions, respectively.
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Further strong evidence of the existence of ’forbidden’ transitions was found in structure 0.2/50. 
Here strong well defined transitions occurred near 1.605 eV and 1.644 eV which were inconsistent 
with the presence of any ’allowed’ transitions in the SQW model and which were also thought to 
be due to ’forbidden’ transitions. Taking into consideration the variation due to Qc, the agreement 
between the calculated transition energies, for Lz « 60 A, and the values determined by 
experimental measurement suggested that they may be the H21 and L21 transitions, respectively. 
The clear identity of the broad feature observed in the PR spectrum of this sample near 1.584 eV 
was unknown, although energy comparisons with the SQW model indicated that it may be the 
’forbidden’ H12 transition. The conclusions about the assignments of the ’allowed’ and ’forbidden’ 
transitions observed in the PR spectra are summarised in Figures 4.10 and 4.11.
Although it was found necessary to include ’forbidden’ transitions in the narrow well structures 
in order to achieve a match with the observed PR features, this was not the case for the wider well 
samples where a satisfactory match could be achieved by considering only ’allowed’ transitions. 
The relative probabilities of ’forbidden’ transitions predicted by the rectangular-well model were 
far lower than the corresponding experimental relative oscillator strengths. The observation of 
such forbidden transitions is not new. Their presence can be attributed to the effects of band 
mixing [4.33] in the valence subbands of the QW which is known to affect mainly the excitonic 
states of interband transitions. Consequently ’forbidden’ transitions can occur due to the creation 
of an excitonic transition between the conduction and valence subbands when the valence subband 
mixes with another valence subband of different index, which is close in energy and which 
participates in an allowed transition. Mixing between subbands enhances the overlap between the 
electron and hole wavefunctions, thereby increasing their intensity. Experimental evidence of 
valence band mixing, which is identified by the presence of ’forbidden’ transitions, has been 
reported in AlxGaj.xAs/GaAs MQW structures using low temperature PLE [4.34] and PR at a 
variety of temperatures [4.35], including room temperature [4.36]. Unlike these studies, where 
well widths were typically 100 A or greater, the spectra here clearly demonstrate ’forbidden’ 
transitions for narrower wells where the proximity in energy of nearest neighbour subbands is 
much less than that for wider wells.
The selection rules are relaxed in non-rectangular quantum wells so that the previously ’forbidden’ 
transitions become allowed; conversely the presence of ’forbidden’ transitions can be taken to 
indicate the presence of a non-rectangular QW. However, both the presence of graded well/barrier 
interfaces and the application of a modulated electric field could produce ’forbidden’ transitions
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associated with non-rectangular QWs [4.37]. It was not possible here to differentiate between 
these possible explanations for the non-rectangular QW potential profile. However, it is known 
that electric field effects are more significant in narrow QWs and this may explain why forbidden 
transitions were observed here only in the narrow-well structures.
The discrepancy observed between the experimentally determined transition energies and the 
theory for the ’forbidden’ transitions may be due in part to the choice of the values used for the 
effective masses at the F point. It is well known that, in addition to mixing at the T point of the 
Brillouin zone, strong mixing can occur away from this point which can have a significant effect 
on the subband energies of these transitions. Other issues which may have a bearing on the 
accuracy of the model include uncertainties in the values of the room temperature heavy-hole 
mass, higher order binding energies and the effects of band non-parabolicity on carrier effective 
masses. Despite these uncertainties, the above discussion have demonstrated that the agreement 
between the experimental results and theory was sufficiently good in most cases to identify clearly 
both ’allowed’ and ’forbidden’ transitions associated with the well and therefore characterise the 
as-grown QW structures which is essential for applications to device fabrication.
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The subband structure of four AlxGaj_xAs/GaAs SQW structures, with x = 0.2 and x = 0.3, and 
nominal well widths of 50 A and 100 A, have been investigated using room temperature PR to 
determine their excitonic interband transition energies. All the PR spectra showed strong FKO 
features near the GaAs and AlGaAs transition energies and were shown to be related to the dc 
built-in field rather than the ac modulation field.
In order to determine the origin of these oscillations, the grown overlayers of structure 0.2/50 were 
progressively etched down to the GaAs substrate and the PR spectra measured as a function of 
etch depth. The shallower etches, up to 610 A in depth, produced no change in the dc field, as 
evidenced by the unchanging FKO period. However, it was found that the phase of the PR 
lineshape shifted with etch depth, and was eventually reversed. These phase shifts were attributed 
to changes in optical phase delay due to changes in overlayer thickness with etching and resulted 
in optical interference effects between reflections from the surface and the underlying layers. The 
phase shifts were estimated from the linear FKO extremum plots which allowed the detennination 
of the thickness of material etched away and confirmed the Talystep measurements. A more 
sophisticated approach to the determination of the phase shifts using a Kramers-Kronig analysis 
of the PR spectra has also been developed and can be found in Reference 4.19.
These results have shown that interference effects are important in determining the phase of PR 
spectra. These findings were consistent with a simple condition given for inversion of the 
lineshape of the PR spectrum of QW structures due to varying the optical thickness of the 
overlayer. Similar effects were expected to arise if optical thickness was varied by means other 
than etching, such as by changing the angle of incidence or altering the overlayer refractive index 
via temperature or pressure effects [4.38].
For more deeply-etched samples, in which the QW and last AlGaAs barrier before the substrate 
were progressively removed, the FKO period and associated field, increased markedly with etch 
depth and disappeared once the substrate was exposed. This demonstrated that the dc field 
associated with the FKO near 1.42 eV arose essentially from a built-in potential associated with 
the barrier/substrate interface.
4.5 Conclusions
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From this analysis, the PR spectra were then fitted using a lineshape model which incorporated 
an approximate expression to describe the FKO together with several TDFFs to describe the PR 
features associated with the SQW interband transitions. This fitting has showed that the built-in 
dc field associated with the FKO features was about 32 kV/cm for the two narrow-well structures 
and about 38 kV/cm for the two wide-well structures. The results obtained from fitting the TDFFs 
were compared to the predictions of a theoretical SQW model in order to identify the individual 
QW transitions in the PR spectra. The parameters of the QW structure, specifically the width of 
the QW and the band offsets, were varied within the limits of the growth process. An optimum 
fit between the experimental results and the model was obtained using well widths of about 57 A 
and 110 A, the barrier compositions and a conduction band-offset of 0.65. For all the spectra 
obtained here, the calculated ’allowed’ transitions were matched to specific observed transitions 
of the SQW. However, in the case of the narrower SQWs, the selection rules were relaxed due 
to the existence of a number of ’forbidden’ transitions. Their presence was attributed to either 
graded well/barrier interfaces and/or the influence of the modulating electric field due to absorption 
of the pump beam. However, although the dc built-in field near the lower barrier/substrate 
interface has been determined here, the size of any electric field, ac or dc, in the SQW is not 
known so that it was not possible to predict the magnitude of its effect on the QW transition 
energies. This may be important as it is known that electric fields have a significant influence on 
the properties of QW structures especially narrow well structures, such as those studied here.
Finally, the design of a QW structure must be taken into consideration if PR is to be used as a 
characterisation tool. The strong FKO in our spectra made our analysis of the QW PR features 
difficult. It can be concluded, that this might be avoided by ensuring that the barrier layer 
between the well and the substrate is sufficiently thick in comparison to the penetration depth of 
the probe beam in order to weaken undesirable FKO signals from the substrate.
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Energy (eV)
Figure 4.1 Normalised change in reflectance AR/R versus probe beam energy for the four as-grown 
SQW structures. For clarity the baselines of the spectra are shifted vertically from each 
other.
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Figure 4.2
Figure 4.3
Energy (eV)
Normalised change in reflectance AR/R versus probe beam energy for the as-grown 0.2/50 
SQW structure, showing FKO features in both the GaAs and AlGaAs energy-regions. The 
GaAs FKO have been magnified by a factor of two.
Energy (eV)
Variation of the AR spectrum in the region of the GaAs FKO, as a function of the 
intensity of the 5435 A pump beam. The power densities obtained were: 2.4 mW/mm2 
(--------); 0.24 mW/mra2-(-------); 21 pW/mm2 ( - • - • - )  and 2.2 pW/mm2 (.....•).
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Figure 4.4
Figure 4.5
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So-3 10"z 10“1 10° 10*
Power Density (mW/mm2)
Dependence of peak-to-peak amplitude of AR between points B and C in Figure 4.3, as 
a function of pump power density, showing that AR log(P).
Fj-plot of the AR extrema labelled B-H in Figure 4.3 for the as-grown sample in the GaAs 
energy region. Peak ’B’ was taken as j = 1 and a phase factor of <j> = 90° was assumed. 
The line shows the linear regressive fit with Equation 4.7 giving an electric field of 
29 kV/cm and an intercept of,Eg = 1.414 eV.
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Figure 4.6 AR spectra in the region of the (a) GaAs and (b) AlGaAs FKO for the as-grown sample
(--------) after etching for 30 s (- -  -  - ) ,  60 s ( - • * - • - • - ) ,  90 s (------ ) and 120 s
(...... •)• The extrema apparently shift up in energy as the etch time is increased, for
example as shown by the arrows near the extrema labelled ’B’ and ’b \
77
Chapter 4
Figure 4.7 FKO j-plots of the extrema in Figure 4.6(b) for AlGaAs region of the PR of the as-grown 
sample (□) and after etching for 30 s (o), 60 s (A), 90 s (o) and 120 s (V). The peaks 
labelled ’b’ in Figure 4.6(b) are taken as j = 1. The lines are least-squares fits with 
Equation 4.8, assuming an energy-gap of Eg = 1.721 eV. These give essentially the same 
field value of 21.9 kV/cm. The intercepts of the lines show that the phase factor <]) is 
decreasing with etch time.
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Figure 4.8
Energy (eV)
Energy (eV)
Comparison between the AR spectra for the as-grown sample and after etching for 3, 6 
and 9 mins, in the regions of (a) GaAs FKO and (b) AlGaAs FKO. The period of the 
FKO increases with etch time, indicating that electric field is increasing.
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Figure 4.9
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FKO j-plots for tlie extrema in (a) Figure 4.8(a) (GaAs) and (b) Figure 4.8(b) (AlGaAs) 
for the as-grown sample (□) and after etching for 3 min (o), and 6 min (A). The solid 
lines are least-squares fits of Equation 4.9 to the experimental extrema, with those labelled 
’B’ and ’b’ in Figures 4.8(a) and 4.8(b) being taken as j = 1. For the GaAs j-plots an Eg 
of 1.424 or an Ecp of 1.421 eV was assumed (as explained in the text) while for AlGaAs 
an Eg = 1.721 eV was taken.
80
AR
/R
Chapter 4
Energy (eV)
Figure 4.10 The fit to and the PR spectrum of structure 0.3/100 showing profiles of the individual 
FKO and TDFF oscillator components.
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Figure 4.11 The fits to the PR spectra of structures 0.3/50, 0.2/50 and 0.2/100. For clarity the 
baselines of the spectra are shifted vertically from each other. The energy-positions of the 
TDFF components of the fits are shown by vertical lines, the length of which represents 
the intensity of the TDFF. The horizontal lines at the same positions represent twice the 
HWHM of the TDFFs.
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Figure 4.12 Comparisons of the ’allowed’ and ’forbidden’ transitions with the experimentally-determined 
values over the fitted energy region 1.4-1.8 eV as a function of Lz for variations near the nominal well thickness 
for structures (a) 0.2/50; (b) 0.2/100; (c) 0.3/50; (d) 0.3/100. The allowed Hmn and Lnm transitions, are 
represented by □ and o  symbols respectively, with the ’allowed’ (AC = 0) transitions, represented by filled 
symbols and the ’allowed’ (AC = even) transitions, represented by hollow symbols. The calculated ’forbidden’ 
(AC = odd), Hmn and Lmn transitions are represented by hollow o and A symbols respectively for the narrow 
wells only. The change in calculated transition energy, due to Qc of 0.65 +0.05, is denoted by vertical error bars 
with the energy corresponding to the lower Qc of 0.6 being distinguished by a horizontal dash. The 
experimentally-determined energies are represented by horizontal lines, with the estimated accuracy of Eg in the 
fits (+HWHM/8) indicated by error bars.
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C h a p t e r  F i v e
The Temporal Behaviour o f  A lG aAs/G aAs Single Q uantum  
Well Structures using Photoreflectance
5.1 Introduction
It was demonstrated in chapter four, that the analysis of multilayer structures by PR, can be 
complicated by the presence of overlapping spectral features. This problem, which is not unique 
to PR, was overcome in chapter four by obtaining depth dependent PR spectra by sequential 
etching followed by PR analysis. Alternatively, this problem can be solved using phase resolved 
spectroscopy (PRS) which utilises a lock-in amplifier as a phase sensitive detection system to 
isolate spectral features of different phase. This technique was first used by Veselova et al [5.1] 
who isolated two overlapping luminescence signals, which were present in the fluorescence 
spectrum of an organic compound, using PRS. Subsequently Alperovich et al studied delta doped
[5.2] and nipi [5.3] structures using PR. In these studies, they proposed the use of phase-sensitive 
photoreflectance (PSPR) for the extraction of PR spectral features from various regions of these 
multilayer structures. They explained their results by demonstrating that each PR spectral feature 
had a different phase detection angle associated with it. In both studies, they proposed that this 
effect can be attributed to differences in the temporal behaviour of the photocarriers in different 
regions of their structures.
In this chapter, it is demonstrated that the proposal by Alperovich for the basis of the PSPR 
technique is correct. The temporal behaviour of the built-in fields for the as-grown and etched 
samples of structure 0.2/50 were investigated. In particular, the PR spectral features, including 
the FKO, exhibited a phase detection angle dependence as a function of spectral energy at the 
output of the lock-in amplifier. This phase resolution of the PR features, was explained in terms 
of the differences in the photocarrier lifetimes calculated from the built-in fields at either side of 
the barrier/substrate interface for the as-grown and etched samples of structure 0.2/50.
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PR is the ac response of the sample reflectivity to the photomodulation of the surface/interface 
built-in fields of the structure. Photocarriers, which are generated using a secondary laser pump 
beam, become trapped at surface/interface states of the structure and change the built-in field 
during the laser modulation ’on’ cycle. Nahory et al [5.4] have demonstrated that the carriers 
change the built-in field in a time less than the shortest pump beam pulse (~ps). During the ’off' 
cycle, the built-in field is restored in the time, t, which corresponds to the characteristic time taken 
to release the trapped photocarriers from the surface/interface states.
Since the optical properties of the sample, such as the dielectric constant, depend upon the 
surface/interface built-in electric field within the structure, changing the field produces a PR signal 
at probe beam energies where optical excitation processes, such as interband transitions, occur. 
This signal is then detected using an lock-in amplifier, which is tuned to the modulation frequency, 
£2m in order to obtain AR.
5.2.1 Phase resolved PR spectra
Lock-in amplifiers are used to detect and amplify small amplitude ac signals in the presence of 
noise [5.5], The lock-in amplifier signal recovery technique involves the modulation of a 
parameter of the detected signal. In PR, modulation of the reflectivity is accomplished using a 
secondary laser (pump) beam to produce an ac signal. This signal is detected at Qm by the 
lock-in amplifier to produce a dc output PR signal as a function of probe beam energy which is 
given by [5.5]:
V p r  00 A f r  cos(<j>) (5.1)
where <|> = (j)PR - <j)ref, and <j)PR and <j)ref are the phase angles of the PR signal and the reference 
signal from the pump beam chopper respectively. From Equation 5.1, the energy dependent PR 
output signal from the lock-in amplifier, VPR, is proportional to the PR amplitude, APR, which 
exhibits a cos(<|)) phase dependence. VPR is calculated for maximum signal response 
(i.e. locked-in) by adjusting <j)ref using the phase of the lock-in amplifier so that (j)ref = (j)PR. This 
is achieved by the ’null shift routine’ [5.5] whereby <}>ref is adjusted so that a null signal is obtained
5.2 Dynamics of PR
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at the output, which occurs when <J>ref = (J)PR + %!2. This phase angle, <()nuli, is subsequently shifted 
by + nil for maximum dc output. For reference, the conditions for; maximum and zero signal 
outputs are referred to as the ’in-phase’ (IP) and ’quadrature phase’ (QP) components of the PR 
signal relative to the phase of the pump beam respectively. In practice, it is known that the phase 
sensitivity of (j)PR is A<j)PR [5.5]. Provided A(j)PR is small, (i.e. sin (A<|)pR) « A<|)PR [5 .5 ]), the lock-in 
amplifier is not capable of resolving these phase differences when optimising the IP PR output.
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Alperovich selectively suppressed individual features of the PR spectra (300 K) of both the delta 
doped [5.2] and the nipi superlattices using the ’null shift routine’ [5.3]. For example, the delta 
doped structure studied [5.2] consisted of a single doped layer which was separated from the SI 
substrate by a 0.5 pm undoped buffer layer and 0.26 pm cap layer respectively. PSPR allowed 
the suppression of both the cap and buffer layers which enabled the optical transitions associated 
with the quantum confined subbands of the delta doped layer to be studied. They interpreted the 
phase resolution of the individual these spectral features as being due to the differences in 
photocarrier lifetimes in various parts of this structure.
5.2.2 Temporal behaviour of photocarriers
The temporal behaviour of photocarriers can be calculated using PR by determining t, at 
surface/interface states in a sample by analysing the PR amplitude dependence as a function of Om 
[5.6-5.11].
It has been shown that the response of the IP PR amplitude, AR(£2m)/R, can be analyzed in terms 
of t, to give the following equation [5.6]:
AR(Q)/R oc AR(0)/R r4+(Q t )2[! -exp(-7t/D t)] ^
4(l+(0 t)2)
+  A  (5 -2 )
where AR(0)/R is the normalized PR signal in the limit -» 0 and A is a constant which 
represents the contribution of the photocarriers whose trap times are less than x.
Several studies of multilayered structures, which range from undoped [5.7,5.9] and doped [5.6,5.8] 
GaAs and AlGaAs/GaAs heterostructures [5.10] to II-VI compounds such as HgCdTe [5.11] and
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HgZnTe [5.12], have calculated % to be of the order of milliseconds. Consequently, as the time 
period for the capture (~ps) is significantly less than the time period for the release of the 
photocarriers (~ms), as has been demonstrated previously [5.6-5.11], the photocarrier lifetime is 
effectively dominated by T.
Information can be obtained by investigating the effects of frequency modulation on the PR 
amplitude signal in conjunction with other modulation parameters, such as intensity [5.8], 
temperature [5.9] and pump beam wavelength [5.10]. In chapter four, it was shown that the 
dependence of the PR amplitude on the pump beam intensity determined the field conditions in 
the experiment. In addition, Shen et al [5.9] found that by varying the pump beam wavelength 
between 420 and 820nm and the modulation frequency, £2m, between 20 and 4000 Hz, they were 
able to identify component layers and assess the quality of MBE grown heterostructure, consisting 
of 200 nm of Ga083Al0 I7As, a 800 nm GaAs buffer layer on a SI GaAs substrate. In a separate 
study, they calculated a trap activation energy level for SI GaAs from the dependence of the PR 
amplitude signal on Qm (2 - 4000 Hz) as a function of temperature (25 - 198°C), although the 
origin of the trap states, i.e. surface, interface or deep levels, were not considered. However, 
Kanata et al [5.6] used n-type GaAs and identified a deep level trap level of 0.34 eV which has 
the same energy as that of the EL7, EB7 or M3 trap levels [5.13].
5.3 Results
5.3.1 Phase resolved PR spectra of the structure 0.2/50
Phase resolved spectra were obtained for structure 0.2/50 by locking on to the signal peaks at 
1.454 eV and 1.710 eV, which corresponded to a substrate FKO extremum and the barrier 
bandedge signal respectively, and are labelled 2 and 3 respectively in Figure 5.1. In order to 
obtain an IP PR spectrum of this structure using the ’null shift routine’, <j)ref was adjusted at peaks 
2 and 3 so that <j)ref = <j)nulI = <j>PR + k/2 in order to obtain null readings at the respective spectral 
energies.
The QP spectrum, which was obtained by locking out peak 2 at <])null = -57.2°, see Figure 5.1(b), 
showed that the GaAs spectral features were almost completely suppressed while peak 3 was still 
well defined, although its intensity was reduced by an order of magnitude in comparison to that 
of the IP spectrum. In addition, a well defined broad feature was found at 1.38 eV, which was 
below the substrate bandedge, and is marked ’c’ in Figure 5.1(b). This feature has been observed
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previously using PR [5.14,5.15] and has been attributed to the presence of carbon acceptors in the 
structure, which supported the identification of the p-type behaviour in the electrical measurements 
of this structure.
Both the barrier bandedge and barrier FKO signals in the QP spectrum were partially suppressed 
when peak 3 was locked out at (j)null = -62.4°, see Figure 5.1(c), while the substrate FKO was still 
present. The continued presence of peak ’c’ suggested that the carbon feature was independent 
of the phase angle and was present in all of the grown layers.
The phase resolution, A(j)PR, which corresponds to the variation of <j)nulI required to lock out peaks 
2 and 3 to obtain QP spectra across an energy bandwidth of ~0.3 eV between the barrier and 
substrate PR features, was ~ 6°. In contrast, Alperovich [5.2] obtained a significantly larger phase 
resolution, A<j>PR ~ 90°, for QP spectra for the suppression of the cap layer and the buffer layer 
signals. This difference cannot be explained at present. However, the phase differences reported 
here can be explained in terms of the ability of the lock-in amplifier to phase resolve the PR 
signals for ’QP’ spectra for a resolution criterion defined as sin (A<|)PR) ~ A(|)PR. Here, A<])PR ~ 6° 
satisfies this criterion. Consequently, the IP spectra were found to be identical when adjusting 
both ’null’ phase detection angles for maximum IP output, which confirms our earlier comments 
that the lock-in amplifier is not able to resolve small phase variations in <|)nulI for IP PR spectra.
5.3.2 Photocarrier lifetimes of structure 0.2/50
The phase resolved spectra in Figure 5.1 were explained in terms of the photocarrier lifetimes on 
both sides of lower barrier/substrate interface of structure 0.2/50 and were calculated from the 
amplitude dependence of the FKO extrema on the modulation frequency for the built-in fields on 
either side of this interface. For these experiments the pump power density was 0.24 mW/mm2 
and the frequency dependence of the PR spectral amplitude was measured in the range Om = 66 
to 4000 Hz.
The AR amplitude spectra for the substrate FKO were taken from the peak to peak signals between 
the extrema peaks at 1.432 eV and 1.454 eV which are labelled 1 and 2 respectively in Figure 
5.1(a). Similarly, for the barrier FKO the amplitude of AR was calculated using extrema at 
1.745 eY and 1.758 eV, which are labelled 5 and 6 respectively in Figure 5.1(a). Peak to peak 
values were used since they eliminated the need to determine the dependence of the background
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signal on the modulation frequency. Figure 5.2 shows the variation of the peak to peak amplitudes 
for the substrate and barrier FKO signals for Q.m between 66 Hz and 4000 Hz. For these 
measurements the lineshape of AR was found to be independent of Qm, see Figure 5.3. From 
Figure 5.2 a non-linear variation of AR with £2m was observed with AR decreasing for increasing 
Om which was due to the modulation of the PR signal in a time comparable to %. It has been 
suggested by Shen et al [5.9] that the decrease in AR with Qm might be a thermoreflectance (TR) 
effect, i.e. the pump laser beam was heating the sample to produce a TR effect a low £2m. 
However this interpretation is disregarded by Shen [5.9] since the PR signal does not change 
lineshape with Qm.
The least squares fit to the AR FKO signal amplitude as a function of Qm, using Equation 5.2, is 
shown in Figure 5.2. Fitting the data gave xs = 1.69 + 0.22 ms and tb = 0.58 + 0.21 ms for the 
substrate and barrier FKO signals respectively. The apparent difference in T indicates that the 
mechanism for the release of carriers trapped on each sides of the lower barrier/substrate interface 
were different, with the substrate having the larger value of T. Confirmation of Tb was obtained 
by measuring the IP AR frequency dependence of the barrier bandedge signal using peaks 3 and 
4, at 1.71 eV and 1.722 eV respectively in Figure 5.1(a). A similar behaviour for the variation 
of AR with Qm was obtained for the barrier bandedge signal, see Figure 5.2, which gave 
T  = 0.64 + 0.18 ms, which was the same (within experimental error) to the value obtained from 
the barrier FKO.
5.3.3 Photocarrier lifetimes of the etched samples of structure 0.2/50
ts, Tb and 2?h, which represent the photocarrier lifetimes and built-in fields of structure 0.2/50, 
before and after etching for 3, 6 and 9 min, for both the substrate and barrier FKO signals 
respectively, are given in Table 5.1. From Table 5.1, it is clear that both 1 and i^ncreased 
significantly with etching. The behaviour of 2? was shown in Figure 4.8(a) and 4.8(b) where the 
period of the FKO extrema, and therefore the magnitude of both ^  and ^  at this interface, 
increased with etching. The behaviour of % with etch depth can be explained here from the 
changes in % with etching.
As explained in chapter four, 2? increased with etch depth due to the increasing influence of the 
surface field on both ^  and 2?h at the lower barrier/substrate interface. This understanding of 2? 
with etching can be related to the behaviour of t since increasing 2/ results in a greater spatial
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separation of the carriers within the structure. Consequently T, which corresponds to the 
restoration time of the original built-in field, takes longer when the separation of carriers for larger 
built-in fields is increased. These findings are supported by the study of Shen et al [5.8] which 
was concerned with the temporal behaviour of built-in fields for GaAs nipi superlattices. The PR 
spectra of these samples displayed FKO corresponding to the substrate built-in field, see Figure 
1.15. Photocarrier lifetimes were calculated for the substrate built-in field using an ac pump beam 
(6328 A) and a second dc pump beam (5145 A) of different power densities with Qm in the range 
of 1.5 to 4000 Hz. The second dc pump beam was used to change the carrier concentration and 
resulted in a change in the period of the FKO which enabled the magnitude of the built-in field 
as a function of dc pump beam power density to be calculated. Their results showed that the 
period of the FKO and therefore the magnitude of the built-in field decreased when the dc pump 
beam power density increased, see Figure 1.16. The photocarrier lifetime was found to decrease 
accordingly as a result of the decrease in the spatial separation of the carriers due to the reduction 
of the magnitude of the built-in field.
Table 5.1 List of Ts, t b and which represent the photocarrier lifetimes and built-in fields for
structure 0.2/50, before and after etching for both the substrate and barrier FKO signals 
respectively.
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Etch Time Etch Depth Xs g.<b)
(min) (A) (ms) (kV/cm) (ms) (kV/cm)
0 - 1.69 + 0.22 26.1 0.58 + 0.22 21.4
3 1100 + 75 2.06 + 0.37 42.4 0.81+0.22 27.0
6 2100+ 100 • 2.90 + 0.47 106 1.59 + 0.38 145
(a) For full details of the field calculations, see chapter four.
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The results presented above demonstrate that the PR spectra of undoped AlGaAs/GaAs SQW 
structures exhibit a phase detection angle dependence as a function of spectral energy which can 
be used to isolate individual spectral features, including impurities, from different locations within 
the structure. A phase detection angle resolution of ~ 6° was found at the lock-in amplifier output 
between the ’quadrature phase’ PR spectra for the GaAs and AlGaAs spectral features of structure 
0.2/50. However, for ’in-phase’ spectra this variation was insignificant due to the insensitivity of 
the lock-in amplifier.
The phase dependence has been explained here in terms of the temporal behaviour of the 
photocarriers on each side of the built-in field at the lower barrier/substrate interface of this 
structure. Photocarrier lifetimes were calculated from the amplitude dependence of the extrema 
of both the substrate and barrier FKO on the modulation frequency of the pump beam. A strong 
amplitude dependence of these FKO extrema was found which gave different characteristic trap 
times of ~ 1.7 ms and -0.6 ms for the trap states on the substrate and barrier sides of the interface 
respectively. The differences in trap times calculated here supports the proposal of Alperovich et 
al [5.2,5.3] in that the phase resolution of PR spectra is due to the differences in temporal 
behaviour of photocarriers in the presence of electric fields.
The variation of the photocarrier lifetimes for trap states on either side of the interface built-in 
field was examined after etching structure 0.2/50. An increase in photocarrier lifetime was found 
to be due to an increase in carrier separation as a result of the built-in fields increasing with etch 
depth. Finally, in contrast to the work of Alperovich et al [5.2,5.3], a small phase angle variation 
was found in order to resolve the AlGaAs and GaAs spectral features which is explained here in 
terms of the phase resolution criterion of the lock-in amplifier for obtaining ’quadrature’ phase 
spectra.
5.4 Conclusions
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Figure 5.1
Energy (eV)
Phase resolved AR spectra of structure 0.2/50 taken at = 333 Hz; (a) IP spectrum 
showing the FKO features in both the GaAs and Al02Gao8As energy regions, (b) QP 
spectrum locked out at peak 2 at <j>nu]1 = -57.2°, and (c) QP spectrum locked out at peak 
3 at <j)null = -62.4°. Feature V  in (b) and (c) is the signal due to the background carbon 
level in the sample.
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Figure 5.2
Modulation Frequency
AR signal amplitude versus Qm for the substrate FKO (□ ), barrier FKO (O ) and barrier 
band-edge (A) signals o f structure 0.2/50. The solid lines are least squares fits to Equation
5.2 to give values o f % which are indicated by the arrows. For clarity the AR signal 
amplitudes for the frequency response from the barrier band-edge signal has been reduced 
by a factor of two.
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Transition Energy (eV)
Figure 5.3 The amplitude dependence o f AR for structure 0.2/50 at = 233 Hz (- - - -) and
2333 Hz ( ■), These plots show that the lineshape o f AR is independent of O m. For
clarity the AR signal amplitude from the Al0 2Gao gAs energy region has been reduced by 
a factor of four.
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C hapter S ix
T h e  T h e r m a l  S ta b i l i ty  o f  A lG a A s /G a A s  S in g le  Q u a n tu m  
W e l l  S t r u c tu r e s  u s in g  P h o to r e f le c ta n c e
QW semiconductor structures form the basis of many optical devices, such lasers, modulators and 
waveguide structures. Tailoring the optical properties, such as the operating bandgap energy, of 
these devices is important for the optimization of the device performance and the fabrication of 
OEICs [6.1]. One way in which the optical properties of QW structures may be tailored is by the 
post-growth modification of the QW confinement profile using controlled interdiffusion across the 
well/barrier interface [6.2].
Interdiffusion in QW structures is achieved by annealing at elevated temperatures. The rate of the 
interdiffusion, which is determined by the interdiffusion coefficient, may be enhanced by HD using 
ion implantation [6.3] or by IFVD using encapsulation techniques [6.4] followed by annealing, so 
that the extent of the interdiffusion is greater in those parts of the QW structure which contain the 
impurities/vacancies. This interdiffusion changes the QW bandgap and refractive index by altering 
the compositional profile of QW region which has been used successfully to produce photon and 
electron confinement, as required for optical devices such as optical waveguides [6.5] and stripe 
geometry laser diodes [6.6]. In addition, interdiffusion in QW structures is extremely useful as 
it enables three dimensional devices to be fabricated while retaining a planar surface, which greatly 
simplifies subsequent device processing.
Since most device fabrication processes include high temperature processing steps, it is important 
to determine the effects of such thermal processes on the as-grown QW structure. Thermal 
annealing of AlGaAs/GaAs as-grown QW structures induces interdiffusion of Ga atoms from the 
well layer and Al atoms from the barrier layers across the well/barrier interface to produce graded 
composition and confinement profiles. Since the QW transition energies are dependent upon the 
shape of the confinement profile, interdiffusion can be characterized optically using techniques, 
such as PL, by monitoring the systematic shift of the QW interband transition energies as a 
function of the annealing parameters. The resulting interdiffused QW structure is characterized
6.1 Introduction
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by the interdiffusion length, Ld = (Dt)w, which is a measure of the extent of the interdiffusion. It 
is determined by both the interdiffusion coefficient (D) and annealing time (t) and is obtained from 
the shift in transition energy.
In this chapter, the effects of interdiffusion on the SQW interband transitions of structures 0.2/50 
and 0.3/100, identified in chapter four, were studied using PR at 300 K. The extent of the 
interdiffusion, as measured from the PR spectral energy shifts of the QW transitions, was 
determined using the interdiffusion model described in chapter three, which has enabled 
temperature dependent interdiffusion coefficients and an activation energy for the AlGaAs/GaAs 
material system to be calculated.
6.2 Results
From chapter four, the optimum fit between the experimental energies and the model values for 
the ground state transitions produced well widths of 57 A and 108 A for structures 0.2/50 and 
0.3/100 respectively. The energy positions of the higher order transitions corresponded to effective 
Lz values which were ~ 10% larger than those values obtained from the ground state transitions 
which indicated graded well/barrier interfaces. For this study, only the ’allowed’ transitions of 
structures 0.2/50 and 0.3/100 were considered.
Interdiffusion in these structures was carried out using RTA system at temperatures of 800°C, 
900°C and 1000°C for times up to 180 s. The material parameters used to calculate Ld are the 
same as those used in previous chapters.
6.2.1 Thermal stability o f  structure 0.2/50
The as-grown and interdiffused PR spectra of structure 0.2/50 in the energy range 1.48 eV to 1.6 
eV, which includes the Hn and Ln transition features at 1.497 eV and 1.520 eV, for annealing 
times of 120 s and 180 s at the three annealing temperatures are shown in Figure 6.1. Annealing 
this structure at 800°C for times up to 180 s showed no significant variation in either of these 
transition energies which demonstrated the thermal stability of these transitions up to 800°C.
For higher annealing temperatures and longer annealing times both the Hn and Ln transitions were 
shifted higher in energy to values well outside experimental error and away from the overlapping
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FKO. The variation of the energy shift, AEexp, of the ground state transitions from their as-grown 
values with annealing time at both 900°C and 1000°C, are shown in Figure 6.2(a). The 
uncertainty in determining the transition energies, and thus AEexp, was approximately +2 meV here. 
The results presented in Figure 6.2(a) showed that, for both annealing temperatures, as the 
annealing time was increased the energy shift of the Ln transition was smaller than the 
corresponding energy shift of the Hn transition and resulted in the reduction of the heavy-hole 
light-hole splitting. This is shown in Figure 6.1 where the PR features due to the ground state 
transitions became increasingly less well resolved as the annealing temperature and time increased. 
The behaviour of the Hn and Ln transitions was attributed to changes in the subband structure of 
the SQW due to annealing induced interdiffusion which modified the composition and thus the 
confinement profiles of the SQW. The resulting ’blue’ shift of the transition energies transformed 
the structure to a more bulk-like material where the valence Hn and Lu energy subbands are 
degenerate. This behaviour was confirmed by annealing at 1000°C for 240 s, see Figure 6.3, 
which shows that the Hn and Ln transition features have almost merged. From Figure 6.1, the 
absolute intensity of the PR spectra increased significantly with increasing RTA temperatures and 
times, although the significance of this effect is not understood at present.
The identification of Hn and Ln transitions was confirmed by studying the anisotropic polarisation 
behaviour of the PR spectra of the interdiffiised structures for light waves propagating in a 
direction parallel to the plane of the QW which is the geometry used to provide lateral 
confinement in a planar QW waveguides. For example, the AR spectrum of the interdiffiised 
sample of structure 0.2/50 annealed at 900°C for 180 s is shown in Figure 6.4. In the 
conventional PR setup, the probe beam was incident on the front surface of the sample at an angle 
(52° for these experiments) to the normal, in which case both the Hn and Ln components were 
well resolved with the heavy-hole contribution dominating the spectrum, see Figure 6.4. However, 
when the incident probe beam was near parallel to the plane of the surface, polarisation selection 
rules [6.7] modified the PR spectra obtained so that the TE and TM polarised components of the 
incident probe beam, which are parallel and perpendicular to the plane of the SQW layers 
respectively, interacted differently to both the Hn and Ln transitions, see Figure 6.5. For TE or 
XY polarised light, which is the polarisation accessible with near normal incidence, selection rules 
state that both heavy-hole and light-hole transitions are allowed while for the TM or Z polarised 
beam only the light-hole contribution is allowed [6.7]. The polarisation anisotropic characteristics 
of QW structures have been applied in electroabsorption studies of as-grown [6.8,6.9] and vacancy 
enhanced interdiffiised [6.5] AlGaAs/GaAs QW waveguides and lasers structures for the purposes
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of polarisation sensitive electro-optical devices. Recently Ksendzov et al [6.10] identified heavy- 
hole and light-hole QW transitions in strained InxGa,_xAs/GaAs SQW structures from the 
polarisation behaviour of PR spectra, see Figure 1.17. In their setup, the probe beam was focused 
onto a cleaved surface of the sample. Before leaving the sample, the probe beam underwent a 
number of internal reflections within the SQW structure, i.e. total internal reflection, which 
allowed them to perform TM polarisation experiments. For this study, the behaviour of the 
interdiffused SQW transitions to polarised light incident at an oblique angle, < 10° to the plane 
of the surface can be seen in Figure 6.4. In general, the polarisation sensitivity of QWs is 
expected to reduce with interdiffusion as the QW properties change. However, the results of 
Figure 6.4 show that for these annealing conditions, a strong anisotropic behaviour for both TM 
and TE light was observed where for TE polarisation, both the Hi, and Ln transitions were 
observed in the AR spectrum with the magnitude of the Hn contribution dominating the PR 
spectrum, as in the case of normal incidence. For the spectrum obtained using the TM polarised 
beam, contributions from both transitions were again observed, although in this case the strength 
of the Hn transition was considerably reduced in comparison to that of the Ln transition. The 
continued behaviour of this structure to TM and TM polarised light, indicated that the QW 
properties of the structure were maintained and suggested that only limited interdiffusion had 
occurred. In view of the polarisation dependence of the Hn and Ln transitions, these results 
suggest that the conventional PR setup may also experience some form of polarisation sensitivity 
due to the polarisation of the probe beam, which is most likely to be circular/elliptical.
In a number of the spectra, such as the PR spectrum for the interdiffused sample due to annealing 
at 1000°C for 180 s is shown in Figure 6.6, no FKO were found above either the GaAs or the 
Al0 2Ga0 8A s bandgap energies. The absence of the FKO above the GaAs bandedge suggests that 
the built-in field at the AlGaAs/GaAs substrate interface was strongly affected by the high 
temperature annealing conditions.
6.2.2 Thermal stability o f  structure 0.3/100
The effect of interdiffusion on the higher order SQW transitions, i.e. for n and m > 1, was studied 
using the structure 0.3/100. The as-grown and interdiffused PR spectra of structure 0.3/100 in the 
energy range 1.5 to 1.8 eV, which includes the higher order and H33 transitions at 1.541 eV 
and 1.696 eV respectively for annealing times of 120 s and 180 s, at the three annealing 
temperatures are shown in Figure 6.7.
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Due to the larger Lz and the greater Al concentration in the barrier layers of structure 0.3/100, the 
Hu and Ln transitions lie at lower energies than in structure 0.2/50, see Figure 4.12. At these 
energies the FKO oscillator component was strong and dominated the PR spectrum of structure
0.3/100 in the energy range 1.42 eV - 1.5 eV, see Figure 4.10. This situation made the 
identification of the ground state transitions impossible without further detailed modelling. In 
contrast, the higher order H22 and H33 transitions lie at energies where the FKO oscillatory 
component was found to have decayed significantly, see Figure 4.10. For this reason, the PR 
spectrum in the energy region 1.5 eV to 1.8 eV of Figure 6.7 was assumed to be dominated 
entirely by the higher order transitions. Like structure 0.2/50, the effect of thermal annealing at 
800°C up to 180 s had no significant effect on either of the higher order transition energies, which 
accounted for the thermal stability of the as-grown SQW. With increasing RTA temperatures and 
times, the higher order transitions were ’blue’ shifted and the intensity of the PR signal was again 
affected by annealing conditions. The interdiffusion process was monitored by determining AEexp 
for the H22 transition which lies at 1.541 eV in the as-grown SQW PR spectrum, and the 
measurement error in Eexp of approximately + 3 meV with anneal time for 900°C and 1000°C is 
indicated in Figure 6.2(b). The energy shift of the H33 transition centred at 1.696 eV was clearly 
smaller than the corresponding energy shift of the H22 transition, see Figure 6.8, and therefore 
AEexp could not be calculated reliably without resorting to more detailed fitting. Nevertheless, the 
behaviour of these two higher order transitions indicated that some transitions, such as the H33, 
were less sensitive to the changing shape of the confinement profile with interdiffusion than were 
other transitions, such as the H22.
6.2.3 Correlation o f  the results with theory
The above experimental energy shifts, AEexp, of the interband transitions obtained from the PR 
spectra of both interdiffused SQW structures were correlated with values of Ld using the 
interdiffusion model outlined in chapter three, which takes into account the energy shifts due to 
both the change in the QW confinement energy and the change in composition due to 
interdiffusion. The variation of the calculated energy shifts AEmodel as a function of Ld for both 
structures are shown in Figure 6.8. In calculating AEmode, for the higher order transitions of 
structure 0.3/100, a wider effective well width (Lz ~ 120 A) was used since the as-grown structure 
was found to have a non-rectangular composition profile, see Figure 4.12(d).
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Comparisons of AEexp with AEmodel show that the largest values of Ld calculated for both structures 
were typically less than 20 A, which correspond to energy shifts of < 60 meV, and thus 
demonstrated that only moderate interdiffusion has taken place for the annealing conditions used. 
For this range of values of Ld the change in the exciton binding energy, calculated from the model 
was small, < 1 meV, and was therefore neglected. The reduction in H,, - Ln splitting observed 
in the PR spectra of the interdiffused 0.2/50 samples was consistent with the findings of the 
model, see Figure 6.8(a), where AEmode, for the Ln transition was smaller than the Hu transition 
for increasing values of Ld. In addition, AEmodel for the Hn, Ln, H22 and H33 SQW transitions of 
structure 0.3/100, see Figure 6.8(b), showed that the higher order transitions are more sensitive or 
less sensitive to the shape of the QW confinement profile than the ground state transitions, 
depending on their depth in the well.
6.2.4 Detennination o f  interdiffusion coefficients and activation energy
Correlating both the AEexp values measured for the Hn and Ln transitions of structure 0.2/50 and 
the H22 transition of structure 0.3/100 after annealing with AEmodel enabled interdiffusion lengths 
be calculated and thus the interdiffusion process to be characterised. The values of Ld measured 
for the Hn, Ln and H22 transitions for 900°C and 1000°C for the annealing times used are listed 
in Table 6.1.
In order to characterise the interdiffusion process, (Ld)2 was plotted as a function of annealing time 
at 900°C and 1000°C, see Figure 6.9, where values of Ld were obtained from the average Ld 
calculated using the Hn, Ln and H22 transitions given in Table 6.1. An average value of Ld was 
used, since it is assumed that Ld depends only on (Dt)1/2 and it is independent of both the shape 
of the confinement profile and the Al content of the barriers for these structures. The 
interdiffusion coefficient, was determined from Figure 6.9 using the gradient of a least squares fit 
to the data points for both temperatures; a straight line fit indicated that D was constant for these 
annealing times. Neither of the linearly extrapolated lines passed through the origin which may 
be attributed to the presence of a small amount of interdiffusion in the as-grown SQW which 
occurred during sample growth. Using these results, D was calculated to be 2.9 ± 0.4 x 10"17 
cm2/sec at 900°C and 9.2 ± 0.7 x 10"17 cm2/sec at 1000°C. These values for D were then 
compared with previously published data [6.11-6.14], using an Arrhenius plot of the logarithm of 
D as a function of (kT)'1 for temperatures ranging from 825°C to 1000°C, see Figure 6.10. A 
least squares fit to the data yielded an activation energy, EA of ~ 3.3 ± 0.5 eV where EA is
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described by the relation D = D0exp(-EA/kT). To assess this result, it was necessary to consider 
the effects of growth parameters and post growth annealing conditions on D and EA in 
AlGaAs/GaAs structures. It is well documented that the type of capping layer and/or the 
overpressure used in annealing experiments strongly influence the interdiffusion of the layers, 
although the actual variations observed differ between the different studies [6.11-6.18]. Based on 
these reports, two ranges for EA have been identified by Wager [6.15], i.e. 3-4 eV and ~6 eV. For 
example, values for EA have been reported in AlGaAs/GaAs structures of 3.42 [6.11] and 6 eV
[6.16] for Si3N4 capping; 3.61 [6.11] and 3.82 [6.12] for Si02 capping; and 4.75 [6.11] and 6.2 eV
[6.17] for an As rich overpressure. Similarly Koteles et al [6.18] have shown that D depends not 
only on the surface encapsulant used but also upon the AlGaAs overlayer thickness, with the 
thinnest overlayer producing the greatest interdiffusion. Consequently, the existing data for EA 
shows that much work is needed before any significant conclusions for values of EA can be 
obtained. However, these results together with the findings of others [6.11-6.14] for structures 
with GaAs proximity caps, do favour the lower range of values for EA as suggested by Wager.
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Table 6.1 List o f Ld values for the H n, Lu and H22 transitions determined from AEexp as a function
of anneal temperature (T) and anneal time (t). Also listed is the average value o f Ld, 
Ld(aver\  used to determine tlie interdiffusion co-efficient D.
T
(°C)
t
(s)
Diffusion Length (A)
H (a) n n T WL11 H (a) n 22 t  (aver)
900 10 2.5 1.5 2 2.0
60 3.5 2.2 4.3 3.3
120 6.7 5.2 6.5 6.1
180 7.6 6.5 7.2 7.1
1000 10 6 5.6 6.6 6.1
60 8.8 7.8 7.6 8.1
120 13.2 12.2 8.6 11.3
180 14.5 13.6 13.2 13.7
(a) Values of Ld determined from AEexp for the Hn and Lu transitions o f structure 
0.2/50 and the H22 transition of structure 0.3/100.
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The variation of the transition energies subjected to thermal processes have been presented using 
room temperature PR for two AlGaAs/GaAs SQW structures with different well widths and alloy 
concentrations. RTA induced Al-Ga interdiffusion across the well/barrier interface resulted in a 
modification in the potential profile and transition energies of both as-grown SQW structures. The 
extent of the interdiffusion was determined from PR spectra through ’blue’ shifts of the interband 
QW transition energies; the sensitivity of the transition shifts after annealing were found to be 
dependent upon the QW structure and annealing conditions. Annealing at 800°C for times up to 
180 s showed that both structures were found to be thermally stable. For annealing temperatures 
above 800°C, the PR spectra of structure 0.2/50 showed ’blue’ shifts of the transition energies and 
the merging of the ground state heavy-hole and light-hole transitions, which were identified from 
the anisotropic polarisation behaviour of the PR spectra of the QW. The behaviour of these two 
transitions with annealing indicated that the shape of the QW had been modified with 
interdiffusion. In addition, a strong polarisation behaviour of the interdiffused QW structures 
indicated that the QW properties were maintained and that the degree of interdiffusion was small. 
The variation of the higher order transitions with interdiffusion in structure 0.3/100, showed that 
these transitions were more or less sensitive to the changing shape of the QW which agreed with 
the theoretical predictions. Correlation of the experimental energy shifts to theoretical predictions 
for both structures showed that only limited interdiffusion, characterised by a interdiffusion length 
of Ld < 20 A, occurred which was implied from the polarisation experiments. The experimental 
variation of the QW transitions were consistent with the theoretical predicted changes, which 
enabled the Al-Ga interdiffusion coefficients of -2.9 x 10'17 cm2/sec at 900°C and -9.2 x 10*17 
cm2/sec at 1000°C to be calculated. These results compared favourably with other reported studies 
of Al-Ga interdiffusion from which an activation energy of -3.3 eV was determined here for the 
interdiffusion process. The behaviour of the FKO with annealing showed that the dc built-in field 
was reduced, with the extent of reduction depending on the annealing conditions used.
The results presented above show that PR is a useful technique fbr the study of the effects of 
interdiffusion on the subband structure of QW structures by monitoring the behaviour of both 
ground state and higher order transitions of the QW upon RTA. These results demonstrate how 
interdiffusion can be used in a controlled manner to manipulate and engineer the subband energies 
and thus optical properties of the QW.
6.3 Conclusions
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Figure 6.1
1.48 1.50 1.52 1.54 1.56 1.58 1.60
Transition Energy (eV)
Transition Energy (eV)
The PR spectra of the as-grown (--------- ) and the interdiffused structures for the H u and L n
transitions o f structure 0.2/50, in the energy range 1.48 eV to 1.6 eV for annealing times
of (a) 120 s and (b) 180 s at temperatures o f 800°C (--------); 900°C..( ........■) and
1000°C For clarity, the PR spectra of the interdiffused samples o f structure
0.2/50 have been inverted.
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Figure 6.2
Anneal Time (s)
Plot o f AEexp for (a) the H n (□) and Ln (O) transitions o f structure 0.2/50 and for (b) the 
H22 (□) transition o f structure 0.3/100, as a function o f annealing time, at temperatures o f
900°C (--------- ) and 1000°C (--------). Linear fits through the data points for structure 0.2/50
demonstrates that the energy shift o f the Ln transition is smaller than the corresponding 
energy shift o f the H u transition.
8
toT—
DC
DC<1
_4 —■ u-1—1—i >—I 1 ■ i l l I ■!■■■■
1 .4 5  1 .5 0  1 .5 5  1 .6 0  1 .65
Transition Energy (eV)
Figure 6.3 The PR spectra o f the interdiffused SQW structure for sample 0.2/50, at 1000°C for 240 
s which shows that the H u and Lu transitions have almost converged.
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Figure 6.4
F igu re  6.5
Transition Energy (eV)
The PR spectra of the interdiffused structure for sample 0.2/50, at 900°C for 180 s in the 
conventional setup (bottom trace) and when the probe beam is incident parallel (TE) and 
perpendicular (TM) to the plane o f the QW layers.
Geometry of the SQW structure for incident polarised probe beam light. The TE and TM 
components o f the incident probe beam light correspond to light polarised parallel to the 
plane and perpendicular to the plane o f the SQW layers respectively.
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Figure 6.6
Transition Energy (eV)
The PR spectrum of the interdiffused sample of structure 0.2/50 at 1000°C for 180 s. The 
ground state transitions are shifted to energies (region B) well above the GaAs bandgap 
energy (region A) which shows no characteristic FKO.
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Transition Energy (eV)
PR spectra of the as-grown (--------- ) and interdiffused structures for the H22 and H33
transitions of structure 0.3/100, in tlie energy range 1.5 eV to 1.8 eV for annealing times
of (a) 120 s and (b) 180 s at temperatures of 800°C (--------); 900°C ( ......•) and 1000°C
p or clarity, the AR/R signal for the annealed structures have been reduced by 
a factor o f two.
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Figure 6.8 Plot of AEmodel as a function o f Ld, determined from the interdiffusion model for (a) the
Hu (--------- ) an<l  Ln-(--------) transitions of structure 0.2/50 and (b) H n (--------- ); L u
(--------); H22 ( ......... ) and H33 ( - • - • - )  transitions o f structure 0.3/100.
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Figu re  6.9
Figu re  6.10
Square dependence o f Ld, as a function of anneal time at 900°C (□ ) and 1000°C (o). 
From the gradient o f a least squares fit to the data points D is calculated to be -2 .9  x 10'17 
cm2/s at 900°C and -9 .2  x 10'16 cm2/s at 1000°C.
T CC)
1000 900 800
1/kT (eV1)
Arrhenius plot o f D as a function o f 1/kT, using our reported values (■ ) with the results 
Guido [20] (□); Camras [21] (o); Ralston [22] (o) and Cibert [23] (A). A  least squares 
fit to the data yields an activation energy, EA o f -3 .3  eV.
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C hapter Seven
I n te r d i f fu s i o n  in  O x y g e n  I m p l a n te d  A lG a A s /G a A s  S in g le  
Q u a n tu m  W e l l  S t r u c tu r e s  u s in g  P h o to r e f le c ta n c e
Ion-implantation, is widely used in the fabrication of semiconductor GaAs devices [7.1,7.2]. The 
main applications of ion-implantation are dopant incorporation and electrical isolation in electronic 
devices, which include MESFETs [7.3] and HBTs [7.4], and optoelectronic devices such as QW 
lasers [7.5] and low loss optical waveguides [7.6].
Ion-implantation is planar technology which provides excellent doping uniformity as well as 
controlled doping. Useful dopants in GaAs include Si and Be, which create shallow donor or 
acceptor levels within the forbidden energy bandgap to change their conduction properties to form 
n-type and p-type layers respectively. In addition, dopants which introduce deep levels are useful 
for electrical isolation between neighbouring devices. In Si technology, electrical device isolation 
is achieved either by inserting a thick Si02 layer between devices or by the ion implanting oxygen 
ions for the growth of Si-on-insulator (SOI) substrates and device structures [7.7]. For GaAs 
devices, ion implantation of heavy neutral ions such as B, H and O, result in the formation of mid­
gap deep levels which trap (compensate) carriers leading to semi-insulating behaviour and the 
formation of high resistivity layers [7.8].
In addition to doping and device isolation, ion implantation of electrically active, inert and 
constituent ions [7.9] has emerged as useful interdiffusion technology for the controlled 
modification of the bandgap and refractive index of QW structures. For example, refractive index 
changes between the implanted and unimplanted regions of QW structures has resulted in the 
fabrication of low loss optical waveguides structures by Si implantation [7.10] which are used as 
cavities in buried stripe geometry QW lasers [7.11]. However, the use of neutral ions has attracted 
considerable interest because they do not affect the as-grown carrier concentrations which might 
otherwise affect device performance. For example substantial bandgap shifts (-100 meV) have 
been reported [7.12], in AlGaAs/GaAs MQW waveguide structures using F and B ions for 
waveguide interconnects in OEICs.
7.1 Introduction
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In this chapter, the interdiffusion of AlGaAs/GaAs SQW structures due to low dose (1014 cm"2) 
oxygen implantation was studied for optoelectronic device applications. Oxygen ions were chosen 
for two reasons. Firstly, oxygen implantation into GaAs [7.13] and AlGaAs [7.14] is well 
established for the effective removal of free carrier levels and the electrical isolation of 
semiconductor devices [7.8]. Secondly, it has been demonstrated that oxygen implantation in 
AlGaAs/GaAs [7.15] and InGaAs/GaAs [7.16] QW structures produces significant implantation 
induced interdiffusion. For example, it has been demonstrated from SIMS experiments, that low 
dose (~1014 cm'2) oxygen MeV implants, were sufficient to eliminate leakage currents in 
AlGaAs/GaAs stripe geometry heterostructure lasers, while high dose (> 1017 cm"2) oxygen 
implants were necessary to induce; interdiffusion [7.17]. The high dose implants also resulted in 
lateral distribution of oxygen under the implantation mask thereby increasing lateral confinement 
and reducing threshold current required for the narrow stripe geometry. Subsequently, induced 
interdiffusion using SIMS was found in AlGaAs/GaAs superlattices for lower implant doses (~1016 
cm"2) at keV and MeV implant energies [7.18]. In addition, it has been demonstrated that 
interdiffusion can occur in AlGaAs/GaAs SQW structures using low dose (> 5 x 1013 cm"2) oxygen 
keV implants [7.19]. Unlike the previous studies, the degree of interdiffusion was characterised 
in this study by monitoring the shift in energy of the ground state transition as a function of 
annealing using the optical technique of PL at 80 K.
In this chapter, the effects of oxygen induced interdiffusion has been further assessed by 
monitoring the interband transitions of structures 0.2/50 and 0.3/100, using PR at 300 K.
7.2 Oxygen compensation in GaAs and AlGaAs
To understand the optical behaviour of the implanted samples studied in this thesis, it was 
necessary to consider first the electrical behaviour of oxygen implanted GaAs and AlGaAs. For 
IH-V materials, high resistivity (electrical compensated) layers are produced using ion implantation 
either by damage induced or chemically induced compensation [7.8]. Both methods are 
complementary and can be explained by the annealing temperature dependence of the sheet 
resistivity of implanted material, see Figure 7.1. Using damage induced compensation, inert ions 
such as H, B or N are implanted to create damage induced defect levels, which compensate free 
carriers resulting in high resistivity material up to anneal temperatures, usually between 500°C to 
700°C, where the defects are annealed out. In contrast, chemical induced compensation requires 
that implanted metal ions, such as Cr or Fe, be driven into substitutional sites by annealing the
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material at temperatures greater than ~750°C, which means that carrier compensation is thermally 
stable for higher anneal temperatures, see Figure 7.1.
The role of oxygen in GaAs and AlGaAs is still not fully understood. For example, it has been 
demonstrated [7.20-7.22] that n-type GaAs remains highly resistive for annealing above ~800°C,
i.e. chemical induced compensation. The thermal stability of the compensated layers was found 
to be dose [7.20] and dopant dependent [7.22]. These findings however appear to contradict other 
reported studies [7.23,7.24]. With the exception of Be doped GaAs, no oxygen induced 
compensation, above ~800°C was found in both p-type and n-type GaAs, for oxygen doses, where 
the oxygen concentration was above and below the doped material concentration [7.23,7.24]. For 
n-type AlGaAs material, studies have shown that oxygen induced compensation can occur for 
oxygen doses where the oxygen concentration exceeds the carrier density of the dopant material 
although there is no evidence of such effects in Be-doped AlGaAs, in contrast to GaAs [7.14,7.25].
7.3 Results
Oxygen ions were implanted into a series of samples for structures 0.2/50 and 0.3/100 using the 
500 kV implanter at Surrey, using an ion dose of 1 x 1014 cm'2. As described in chapter two, Rp 
was centred in the well region using an ion energy of 75 keV, see Figure 2.4. After implantation, 
all samples were (RTA) annealed to repair the lattice damage. The RTA temperatures and times 
were identical to those used in chapter six in order to compare the effectiveness of oxygen 
implantation.
7.3.1 Oxygen implantation o f  as-grown structures
The implanted samples for structures 0.2/50 and 0.3/100 produced no measurable PR features over 
the energy range studied which indicated that heavy implantation damage (i.e. damage induced 
compensation) had occurred using oxygen, see Figure 7.2. From Figure 7.2, no signal was 
detected from the undamaged region in the substrate of structure 0.3/100 which suggested that the 
oxygen damage profile has extended beyond the penetration depth of the probe light.
The influence of implanting oxygen and subsequent anneals at 800°C, 900°C and 1000°C for 180 
s, on the PR spectra in the energy range 1.3 eV to 1.7 eV for structure 0.2/50 are shown in Figure 
7.3. The initial RTAs at 800°C showed that the crystal quality was restored with the presence of
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strong FKO above the GaAs bandedge, which corresponded to a built-in field of ~ 77kV/cm. The 
magnitude of this field indicated the presence of a large defect density which resulted in significant 
band bending and an increase in field at the lower barrier/substrate interface. However, with 
increasing anneal temperature, the FKO became less well defined, which suggested that the defects 
were being removed by the annealing, which is consistent with the electrical behaviour at these 
anneal temperatures. For all the implanted samples of structure 0.2/50, the characteristic TDFF 
lineshape features associated with the SQW ground state transition energies of the as-grown 
structure remained undetected, see Figure 7.3. One explanation may be that the annealing required 
to remove implantation induced damage had produced near complete interdiffusion. PL 
measurements are intended to confirm whether or not this is the case.
The PR spectra of the implanted-annealed samples of structure 0.3/100 at 800°C showed strong 
FKO behaviour (£*- 66 kV/cm) similar to that of structure 0.2/50. However in contrast to 
structure 0.2/50, annealing at 900°C resulted in the recovery of the TDFF lineshape associated 
with the higher order transitions of the as-grown PR spectrum. For example, the as-grown, 
annealed and implanted-annealed PR spectra in the energy range 1.5 eV to 1.8 eV, which includes 
the as-grown higher order H22 and H33 transitions at 1.541 eV and 1.696 eV for annealing times 
of 120 s and 180 s at 900°C are shown in Figure 7.4. From Figure 7.4, it is clear that the energy 
shift, AEexp, for the H22 transition from its as-grown energy in the implanted-annealed samples was 
approximately double that compared to the anneal alone samples, which indicated that significant 
enhanced interdiffusion has taken place using oxygen implantation. Although it is probably correct 
to assume that a lot of the damage induced defects have been annealed out of these samples at 
900°C, it was unclear from these experiments whether the enhancement of the interdiffusion was 
due solely to the annealing of the damage related defects (i.e. vacancies) or whether the 
interdiffusion was an oxygen related defect mechanism or both. This uncertainty was further 
compounded by the fact that these transitions were not detected at 1000°C anneals.
In an attempt to solve this uncertainty, trap times of the optically injected photocarriers in the 
oxygen implanted AlGaAs barrier material was determined using PR for anneal temperatures > 
800°C, where much of the damage induced defects have been annealed out of the sample.
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7.3.2 Photocarrier lifetimes o f oxygen implanted structure 0.2/50
Chapter 7
Photocarrier trap times, x, for the oxygen implanted AlGaAs signal of structure 0.2/50 were 
calculated as a function of anneal temperature and time from a least squares fit of AR(£2m) to 
Equation 5.2.
The values of x calculated, from Equation 5.2, for the as-grown and oxygen implanted samples 
annealed at 800°C, 900°C and 1000°C as a function of annealing time are shown in Figure 7.5. 
From Figure 7.5, x increased from -0.6 ms for the as-grown (unimplanted) sample to -1.5 ms after 
a 10 s anneal at 800°C. For longer anneal times at 800°C, a quadratic fit through the experimental 
points shows that x remained effectively constant (within experimental error) up to 120 s but 
decreased to just over 1 ms at 180 s. A more pronounced behaviour for x was found at 900°C, 
where x returned to the original unimplanted value of -0.6 ms after 180 s. However, the value 
x at 1000°C was considerably larger than that of the unimplanted sample where it increased from 
-2  ms at 10 s to -2.5 ms at 180 s.
A possible explanation for the behaviour of x is as follows. The increased value of x at 800°C 
indicated that the photocarriers were trapped longer by possibly a defect (damage and/or oxygen) 
related trapping mechanism. For both 800°C and 900°C, the trend for x was to decrease with 
increasing anneal times which is consistent with annealing out defects. This removal of defects 
was more pronounced at 900°C which was expected for higher temperatures. Therefore, it is 
suggested that these defects were damage induced and were annealed out of the sample at 900°C 
for 180 s, where x returned to the as-grown unimplanted value. The magnitude and behaviour of 
x at 1000°C was significantly different which indicated that some alternative trapping mechanism 
was taking place in these samples, possibly a oxygen induced defect trapping mechanism, whereby 
carriers were trapped as the oxygen was somehow activated, i.e. chemical induced compensation. 
This explanation is far from certain since the possibility of further defects being introduced as a 
result of proximity capping at 1000°C cannot be ignored. Material uniformity on the other hand 
can be somewhat ignored as all samples measured were from the same wafer.
This behaviour of x contradicted the electrical behaviour, as demonstrated in Figure 7.1, where it 
is proposed here that a damage induced effect occurred at 800°C, which was effectively annealed 
out by 900°C at 180 s, but at 1000°C, an oxygen induced defect process was initiated. However, 
there are a number of fundamental differences between the resistivity measurements and ours. For
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example, the role of oxygen was characterised here with respect to the injected photocarrier 
density which was unknown, and not as a function of the carrier dopant density in the material, 
which was unintentionally p-type (~1015 cm'3), see chapter five. In addition, the behaviour of the 
sheet resistivity was always measured as a function of annealing temperature for a single anneal 
time. As the behaviour of x changes with anneal time here, it indicated that the choice of this 
parameter in the electrical measurements may be significant.
7.4 Conclusions
It was found that the implantation of low dose oxygen in AlGaAs/GaAs SQW structures actively 
promotes the interdiffusion of Al and Ga atoms as measured by the relative movement of the 
higher order QW transitions after anneals using PR.
It is suggested here that anneals at 800°C and 900°C in the structures studied involved the removal 
of damage induced defects, as measured for the temporal dependence of the AlGaAs signal as a 
function of annealing time. At 1000°C, an oxygen induced defect trapping mechanism is 
proposed. These results suggest that the enhanced interdiffusion rate which was observed in 
structure 0.3/100 at 900°C, is a damage induced interdiffusion process.
Finally, this study has demonstrated fundamentally, that low dose oxygen can produce enhanced 
interdiffusion making this process a useful technique for future device fabrication.
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Figure 7.1 The annealing temperature dependence [7.9] of the resistivity of III-V materials showing 
defect induced compensation (...... •) and chemical induced compensation (------- ).
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Figure 7.2
Figure 7.3
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Energy (eV)
The as-grown ( ........•) and as-grown-implanted (--------- ) PR spectra o f structure
0.3/100.
Energy (eV)
The PR spectra of the as-grown (--------- ) and as-grown-implanted-annealed samples of
structure 0.2/50, in the energy range 1.3 eV to 1.65 eV  for an annealing time o f 180 s at
temperatures of 800°C (------- ); 900°C..( .........) and 1000°C ( - * - • - ) .  In contrast
to the as-grown-annealed samples o f structure 0.2/50, see Figure 6.1(b), no characteristic 
TDFF oscillator components corresponding to the Hn and Lu transitions are observed.
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Figure 7.4 The PR spectra o f the as-grown (--------- ), as-grown-annealed (--------), and as-grown-
implanted-annealed ( ....... *) samples for the H22 and H33 transitions of structure
0.3/100, in tlie energy range 1.5 eV  to 1.8 eV for annealing times of (a) 120 s and (b) 
180 s at 900°C. The spectral energy positions for the as-grown H22 and H33 transitions 
at 1.541 eV and 1.696 eV respectively are indicated by arrows.
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Figure 7.5
Anneal Time (s)
AlGaAs photocarrier trap times, x, which were calculated from a least squares fit of 
ARC^A,) to Equation 5.2, for the as-grown unannealed ( • )  and oxygen implanted annealed 
samples of structure 0.2/50 at 800°C (□ ), 900°C (0) and 1000°C (A) for 10, 60, 120 and 
180 s.
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8.1 Conclusions
This thesis reports the study of thermal interdiffusion in QW structures using room temperature 
PR. In particular, this work has shown how PR can be used to characterise and quantify as-grown 
and thermally processed QW structures for the fabrication of novel optoelectronic QW devices.
The work presented was divided into two parts. In chapters two, four and five, the application 
of PR to the characterisation of the subband structure, the electric field distributions and the 
photocarrier dynamics of four as-grown AlGaAs/GaAs SQW structures were described. From 
these developments of PR, thermal interdiffusion of as-grown and oxygen implanted SQW 
structures was characterised and described in chapters three, six and seven.
The analysis of the structures was initially complicated by the sensitivity of PR to modulating or 
built-in electric fields which were identified by the presence of FKO in all spectra abovei the GaAs 
and AlGaAs bandedges. The study of electric field distributions in QW structures is 
important since electric fields can affect device performance. The source of the field was shown 
to be an internal field distribution either side of the lower barrier/substrate interface by etching 
selected QW layers, followed by PR analysis at each etch step. From the period of the FKO, the 
magnitude of the field on either side of this interface was determined using FKO extremum plot 
techniques.
The subband structure of the four SQW structures were characterised in terms of their interband 
transitions and incorporated two theoretical models which have been developed by colleagues. 
A lineshape model, was first fitted to the PR spectra of these structures. This model was based 
on established electroreflectance principles, and included an FKO term together with several 
TDFFs in order to determine the interband transitions and field magnitudes in these as-grown 
structures. A detailed comparison of the experimentally determined energies with those of a 
theoretical QW model was subsequently carried out using realistic variations in QW growth 
parameters which resulted in the identification of both symmetry ’allowed’ and symmetry 
’forbidden’ transitions in these as-grown structures. The presence of forbidden transitions 
suggested that the shape of SQW structures were non-rectangular.
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The etching experiments produced a number of interesting results. The initial stages of etching 
corresponded to the removal of the cap layer, resulted in phase shifts of the PR spectra which were 
interpreted as changes in optical phase delay, due to overlayer thickness changes with etching and 
were determined using both the linear FKO extremum plots and a more detailed Kramers-Kronig 
approach. The analysis of phase shifts in QW structures are important, since it is known that such 
effects occur in optical spectra when the refractive index of the QW structure is changed by 
pressure or temperature effects. This analysis also enabled the etch depth to be determined which 
confirmed the Talystep step height measurements. Deeper etches down to the substrate showed 
that the character of field changed, and that the period of the FKO and therefore the magnitude 
of the field either side of the barrier/substrate interface increased due to the increasing influence 
of the surface field.
The dynamics of PR in these structures was determined from the phase detection system of the 
lock-in amplifier. The PR signals showed a phase angle detection dependence as a function of 
spectral energy which was used to isolate PR features, including a broad feature associated with 
carbon impurities below the GaAs bandedge. The phase dependence was explained by calculating 
photocarrier trap times at interface states either side of the barrier/substrate interface field. Trap 
times were calculated from the dependence of the amplitude of the PR signal on the modulation 
frequency. Two trap times were calculated which suggested that the mechanism of charge release 
was different either side of this interface. With etching both trap times increased which was 
attributed to an increase in the spatial separation of photocarriers as a result of the fields increasing 
with etch.
The interband transitions were determined by the shape of the confinement profile and 
interdiffusion was characterised using PR by investigating the variations of all the interband 
transitions of these structures as a function of RTA at 800°C, 900°C and 1000°C for up to 180 
s. Two sets of parameters of the SQW structure were studied. At 800°C, no variation in energy 
of the interband transitions were found which quantified the thermally stability of these structures. 
For higher anneal temperatures and times, the extent of the interdiffusion was determined from 
the shifts to higher energies of the interband transitions. The variation of the transition energies 
with interdiffusion showed that certain transitions were more or less sensitive to the changing 
shape of the QW which agreed with theoretical predictions. To understand this behaviour in more 
detail, a series of interdiffused SQW structures of varying well widths were modelled using a 
model which was developed previously for the study of QW interdiffusion. These results showed
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that the behaviour of the transitions with interdiffusion were determined by both confinement and 
compositional changes in the QW. More importantly, the rate of change of the higher order 
transitions were found to be greater than the corresponding rate for the ground state transitions 
during the early stages of interdiffusion for these structures which was explained here in terms of 
the spatial probability (wave function) of the higher order subband energy states.
For the annealing conditions used, limited interdiffusion was characterised by interdiffusion lengths 
of < 20 A. This enabled Al-Ga interdiffusion coefficients of -2.9 x 10'17 cm2/s at 900°C and -9.2 
x 10"17 cm2/s at 1000°C to be calculated for these structures and an activation energy of -3.3 eV 
which compared favourably with other reported studies.
QW structures exhibit anisotropic polarisation behaviour because of selection rules governing the 
optical absorption when the electric field vector of the optical wave is parallel (TE) or 
perpendicular (TM) to the plane of the QW; this behaviour of the QW is expected to reduce as 
the QW is interdiffused and becomes more bulk-like. However, studies have shown in this thesis, 
that the QW remained strongly polarisation-sensitive for the annealing conditions used which 
enabled the ground state heavy-hole and light-hole interband transitions to be distinguished. These 
results also indicate the potential of interdiffusion techniques to fabricate birefringent optical 
waveguides for OEIC applications.
The effects of low dose oxygen ion implantation in these structures was studied using PR. These 
results showed significantly enhanced interdiffusion for the purposes of modifying the optical 
properties of QW structures for the fabrication of impurity free low-loss optical waveguides and 
low threshold QW lasers. The role of oxygen was investigated in a novel way using PR by 
calculating the dependence of the photocarrier trap time as a function of annealing temperature and 
time in the AlGaAs barrier. Their behaviour suggested here that annealing at 800°C and 900°C 
resulted in the removal of defects caused by implantation damage. At 1000°C, the behaviour of 
the trap times were significantly different which suggested that an oxygen induced defect 
mechanism characterised by a large trap time was present. These results also suggested that the 
enhanced interdiffusion which was observed at 900°C, was damage induced.
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Conclusions & Future work
The use of PR in this thesis, to study as-grown and interdiffused AlGaAs/GaAs SQW structures 
has highlighted this techniques potential to characterise other QW structures and material systems.
Preliminary investigations have been carried out using PR on a series of device structures which 
include a doped GaAs nipi SL, an AlGaAs/GaAs MQW and HEMT structure and two 
InAlGaAs/InALAs MQW laser heterostructures with different Al compositions, see Figure 8.1. The 
PR spectra of these structures produced detailed spectral features at room temperature. For 
example, the HEMT structure produced a sharp feature at -1.42 eV which may be associated with 
a 2DEG, see Figure 8.1. Initial experiments have been carried out on this structure to relate low 
frequency noise oscillations with interface/surface states, which trap and release carriers in these 
structures, by calculating photocarrier trap times using PR.
The study of interdiffusion in the AlGaAs/GaAs MQW structures is important since most realistic 
QW devices are based on the MQW structure. From Figure 8.1, the PR spectrum of the 
AlGaAs/GaAs MQW structure produced PR features associated with the interband transitions 
which were not obscured by the presence of FKO. This structure should therefore provide a 
valuable insight into the optical properties of MQW device structures fabricated by diffusion 
techniques. In addition, no feature associated with carbon impurities was found in this structure 
using PSPR. As this structure was grown in the same reactor as the SQW structures, it 
demonstrates the potential of PR to characterise impurities in the growth process.
In contrast to the MQW structure in Figure 8.1, the understanding of the behaviour of 
interdiffusion of the lower order interband transitions in the SQW structures was problematic due 
to the presence of FKO at similar energies. Consequently, it is suggested that the use of PL, 
which is complimentary to PR, would clearly benefit the understanding of the behaviour of the 
subband structure of the interdiffused SQW structures.
Clearly PR is a very useful technique and can be used to great effect for the characterisation of 
numerous materials for a variety of device applications and is worthy of future work, specifically 
on device structures.
8.2 Future Work
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Figure 8.1
Transition Energy (eV)
The PR spectra o f an AlGaAs/GaAs HEMT structure; an AlGaAs/GaAs MQW structure; 
a GaAs nipi SL; and two identical InAlGaAs/InAlAs MQW heterostructure laser structures 
with different Al compositions.
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